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FOREWORD
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ABSTRACT
STABLE WHITE COATINGS

Investigations were conducted to develop a white thermal-
control coating for spacecraft. The primary requirements were
that the paint possess good stability to ultraviolet irradiation
in vacuum, that the maximum allowable change in the ratio of
solar absorptance to emittance be only 10% after one year of

3 ' J += 4+ ~F h
extraterrestrial sclar radiation, that the ratioc of solar

absorptance to emittance be 0.20 + 0.05, and that the emit-
tance be approximately 0.90. The other requirements were that
the coating cure at less than 300°F and that it adhere to
materials such as aluminum and conversion-coated magnesium
through temperature changes of 50°F per minute between 200

and -100°F,

Of the pigments studied, zinc oxide, zinc sulfide, and
calcined china clay were the most satisfactory, in that order.
Of the vehicles, methyl silicones and alkali silicates were
the most satisfactory. After zinc oxide was selected as the
pigment = developmental work concerning formulation and
applicai.on was conducted to determine the best combination
of physical and optical properties for both organic and
inorganic coatings. The desired properties were obtained
through the use of a high-purity zinc oxide, SP 500, in
conjunction with either a methyl silicone polymer synthesized
in our laboratories or a commerical potassium silicate, PS7.
Both systems changed less than O 02 in solar absorptance after
an exposure of over 4000 equivalent sun-hours.

Tt 1s concluded that satisfactory passive thermal control
can be achieved with coatings of methyl silicone-bonded or
potassium silicate-bonded zinc oxide  The paint must be
stringently clean in order to prevent photolysis of contaminants,
such as sebum and organic solvent residues.

IHT RESEARCH INSTITUTE
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al and «

GLOSSARY

3o0lar absorptance.

al + a2 = Q.

a, corresponds to that half of the sun's energy
below 700 mu, and a, corresponds to that half
above 700 mu. -

Change in absorptance.

Emittance.

Ratio of solar absorptance to infrared emittance.
Equivalent sun-hours.

Molar ratio of methyl groups to silicon atoms.

Pigment/binder ratio.

Pigment wvolume concentration.
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STABLE WHITE COATINGS

I. INTRODUCTION

The principal objective of this program was the develop-
ment of a white spacecraft-thermai-control coating with
exceptional stability to extraterrestrial solar radiation.
Therefore the primary requirements were that:

—the coating have a high resistance to ultraviolet
radiation in vacuum, namely, the change in the
ratio of solar absorptance to infrared emittance
be only 10% after 1 year of exposure

_the ratio of solar absorptance to infrared emittance
of the coating be 0.30 or less

—the infrared emittance of the coating be approxi-
mately 0.9.

The other requirements were that:
-the coating cure at 300°F or less

-the coating remain adherent to aluminum alloys
and other spacecraft structurai materials through
temperature changes of 50°F per minute between
200 and -100°F.

Emphasis was directed more to the change in value than
to the absolute value of solar absorptance. Accordingly, the
measurement of spectral reflectance within the solar region
was directed more toward precision than toward absolute
accuracy.

Pigmented coatings, i.e., 6 paints, were studied rather
than evaporated metal films or chemical conversion coatings
because of practical considerations. First, the ease of
application of paints permits the employment of thermal-control
coatings at convenient times during the fabrication of
spacecraft. Second, painted surfaces are more easily
recoated in the event of thermal-design changes oOr the
occurrence of soiled and damaged areas.

Conventional or commercial coatings were not studied
because they deteriorate rapidly under ultraviolet irradiation
in vacuum. Instead, experimental laboratory formulations
with known ingredients, purities. and weight ratios were
investigated. Since very few materials have the stability
required for long-range space probes. some unusual formulations
were studied. The work was divided broadly into organic and

ItT RESEARCH INSTITUTE
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inorganic coatings. Organics tend to provide better adhesion
and certain other mechanical properties whereas 1norganics
tend to possess better ultraviolet stability. The established
adhesiveness low curing temperature absence of color,; and
refracteoriness of the alkali silicates made themzaloglcal
choice tor evaluation as paint vehic.ies,

In order to reduce the ccmplexity ¢f the problems involved,
pigments and paint vehicles were expcsed individually to ultra-

viclet radiation in vacuum These screenlng experiments
were the basis for the subsequent choice cf potentially stable
paint formulations Determinniation ot spectral reflectance

and solar absorptance before and after exposure showed that

no material studied was complete.y unarfected by ultraviolet
irradiation 1n vacuum -- a resuit which 1s consistent with

the findings of other workers, Zinc ouxide and, to a lesser
extent, zinc sulfide were found to be unusuaily stable white
pigments and formed reiatively stabie ccatings when dispersed
in pure potassium silicate cr 1n methyl £ii11cone polymers.

The puik of the research etforcv was devored to the
development of stiii more stable pigmented potassium silicate
and methyl silicone paints. Var.cus methyl silicone resins
were synthesized in attempts to imp. ve both their ultraviolet
stability and their film-forming characteristics The physical
and optical properties or the silicate and silicone paints
were measured as functions of pa.int thickness and composition.
The effects of soiiing and cleaning canaidate coatlnds were
studied 1n an attempt tc¢ detine the picblems anticipated during
spacecraft fabrication and dur.ng cneckout just prior to
launch. Dirt-impervicus or cieanable ccatings of intermediate
low sclar absorptance are preferaple in practiceé te nonciean-
able coatings of excepticnaiiy lcw s0iar apscrptance when
permissible from the standpoint ct thermal design.

Many interesting opservations were not ilnvestigated
because of lack of time and rescurces These observations,
together with descriptions of severa. spec:ial investigations
which were not folliowed to conclus.on are discussed in the
section on related investigations Section X.

The requirement for high scability to the space environ-
ment 1ncludes not only the solar uitiavic.iet as a consequence
of the sun's temperature but also cther radiations in space,
primarily galactic (cosmic) proton radiacion and trapped
charged particles in the Van Ailen pert Adequate simulation
of solar ultraviolet peiow 2000 A .ncruding Lyman aipha as
well as the high-energy particulate radiations, is both
difficult and expensive Furthermore of a total of 135 watts
per square foct at earth-distance. 1ess than O 25 watts per
square foot of eiectrumagnetic radiaticn is radiated beiow

11T RESEARCH iINSTITUTE
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2000 A, whereas about 12 watts per square foot is radiated
between 2000 and 4000 A in the near-ultraviolet. Since the
development of stability to high-energy radiations is useless
unless stability to the more prevalent near-ultraviolet is
assured, space-simulation efforts were confined to the near-
ultraviolet region from 2000 to 4000 A at a vacuum in the
range of 10-7 torr.

The establishment of the exceptional stability of zinc
oxide and the development of semiorganic methyl silicone

polymers with stabilities comparable to those of the alkali
silicates emerge as the most rewarding aspects of the program.

IIT RESEARCH INSTITUTE
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I1. OPTICAL MEASUREMENTS

A, Solar Absorptance

Solar absorptance was determined indirectly by measure-
ment of spectral reflectance in the wavelength range of
0.2 to 2.7 4 (300 to 2700 mp) The reflectance data were
integrated with solar spectral energy datal for the upper
atmosphere to yield solar reflectance. Subtraction of the
solar reflectance from unity yielded solar absorptance.
Comparison of tBese solar spectral energy data with the
data of Nicolet® showed that solilar absorptance agreed within
0.005.

A General Electric recording spectrophotometer, which
employs approximately normal illumination and diffuse viewing
of a sample surface, was used for the visible spectrum,

380 to 700 mu; and an integrating-sphere reflectometer of
our own design was used for both the ultraviolet and infrared
regions. The latter incorporates a Perkin-Elmer quartz
monochromator as a dispersing system aitong with appropriate
scurces and detectors. Figure ] ts a schematic diagram of
the optical arrangement of the infrared reflectometer. For
the infrared region. a ribbon-filament incandescent lamp was
a satisfactory source and the detector was a lead sulfide
photoconductive cell. For the ultrav.icletregion, a mercury
arc or hydrogen lamp was used as the source with a photo-
multiplier detector.

tacpie and vandard plare

/‘ Thetector
nenatng

h

Y

— | p—

Figure 1

INTSGRATING- SPHERE REFLECTOMETER

l"Smithsonlan Fhysical Tables ' 9th ed

2Nicolett M., Chap XII in “Soliar Physics and the Atmosphere
of the Earth." C. S White and O O. Benscn, Jr. ed , Univ.
New Mexico Press Albuquerque. 1952
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Both reflectometers measure reflectance relative to a
standard. These are comparison instruments, since the sample
and the standard are both in place at all times. Magnesium
oxide was used as the standard. and the relative reflectance
data obtained were converted to the absolute basis by using
the absolute reflectance data of magnesium oxide published by
Middleton.3.,4 Reflectance data which are presented in the
tables are limited to values at 440- and 600-mu wavelength.

Since it was not economical to provide sclar absorptance
values during the extensive screening operations, for many
materials the effect of space simulation was evaluated in
terms of reflectance losses in the visible region This
method is considered satisfactory., since the predominant
losses occur in the 400- tc 600-mu wavelength region for most
white and transparent materials.

In many cases solar absorptance values are reported as
41 and u,, where

L = '_A.l + u2

wy corresponds to that half of the sur s energy spectrum which
lies below 700-mu wavelength and «, corresponds to that half
which lies above 700 mu. By splitting 4 1nto two components,
that region of the spectrum undergoing the most significant
change 1n absorptance is more readily described. For example,
some formulations show little change in sclar absorptance on
irradiation, but their reflectance decreases 1n the visible
region f{increase in u,) and is counterbalanced by a corre-
sponding increase at }onger wavelengths /decrease in uz)c

3 Total Normal Emittance

Total normal emittance was measured with the equipment
shown in Figure 2. Test samples and a calibrated standard
were mounted vertically in a sample tray and heated in a
horizontal tubular furnace The sample tray was given a slow
reciprocating motion parallel to the axis of the furnace by
a mechanism not shown in the diagram The total sample travel
was about 14 inches, which permitted five samrples in the tray
to pass a viewing port, to ke viewed by a suitable detector,
twice per cycle. The specimens were viewed through a

3Middleton> W. E. K , Journal cof the Optical Society of

America, Vol. 41, Nc. 6., 1951
4Middleton? W. E. K., Journal of the Optical Society of
America, Vol. 43, No 1 1953
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water-cooled cone, which was introduced with its nose close
to the test surface at the time measurements were being
made. The cone served as a radiation shield and prevented
radiant energy originating in the furnace walls from falling
on the test surface and subsequently being reflected to the
detector. Since the samples and the standard were heated

in the same furnace, this method avoided the dangers of
temperature errors associated with separately heated

samples and standards.

Comparison of signals from the samples and the calibrated
standard yielded the desired emittance values. The standards
used were Pyroceram 9606 and polycrystalline silicon carbide,
and they were calibrated against a carefully designed
blackbody cavity.

The method does not lend itself to emittance determinations .

at room temperature, since the temperature of the specimen
being tested must be raised above that of the detector in
order to obtain a working signal. This is not a serious
limitation, however, since total emittance, in general, is

a mild function of temperature. Total emittances determined
at approximately 200°F, which is adequate with the equipment
described, closely approximate room-temperature values.

This program was concerned more with determination of any
effects of space simulation upon the coatings than with
determination of the absolute emittance values per se.

11T RESEARCH INSTITUTE
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III. SPACE_SIMULATION

A.__Vacuum Simulation

l, ©Oil-Diffusion Pump

The vacuum of the space environment 1is variously quoted
at 10-9 to 10-15 torr, but the attainment of such pressures
in the laboratory is time- —consuming and probabiy unnecessary
for the purposes of this work. At much higher pressures,
107° torr. there 1is no evidence of cxidative degradatlon-
Also, the mean free path of evoived molecules is large com-
pared to the dimens.ons of the chamber . so that further
reduction in pressure would not be expected to change the
results of space-simulation tests The problem of oxygen
exclusion 1is discussed in Section IX.

These principles guided the design of the space-simulation
chamber shown 1n Figure 3 which was used 1n the early screen-
ing operaticns. It consists of a ¢yiindrical chamber 24 inches
in diameter and 24 inches high cooled by refrigerant coils on
its outer surface and capped with a torispherical head in
which three General Eiectric mercury-arc AH-6 jamps are mounted,
The distance from the lamps tc the samples which are mounted
on a turntable beneath the iamps can be adjusted to achieve
variaticn of radiaticn intensity The rad.ation intensity
varies at different distances from the center of the turntable,
so various acceleration factors are possible. The constancy
of the radiation 1is monitored by refiecting a portion from
a first-surface mirror, mounted cver the center of the
turntable. through a quartz winacw on the head. The absolute
intensity 1s measured before and after each run by using a
wide-angle temperature-compensated thermopile .

Several types of sample turntabies are availabie, The
simplest is a 16-inch flat plate, suitabie for use when no
measurements are to be made in the chamber. Typically. this
was used when the reflectivity of a numper of materials was to
be measured before and afrer irradiaticn. The turntable assures
that all samples receive equivaient exposures at a given radial
distance. It is rotated by a 12-puint Geneva drive and a 2-rpm
fractional horsepower motor in a weided housing which 1s open
to the atmosphere through ventpipes in order to eliminate the
problems associated with operating motors 1in a vacuum.

The chamber 1s mounted cn a 10-inch cil-diffusion pump,
National Research Corporation modei H-i0-5P, with an approx1mate
pumping speed of 4000 cfm at 10-4 torr In pLactlce the pump
reaches 10-6 torr routineliy. and aitl ultraviolet testing was
performed at this level or below However , 1t became desirable

I1IT RESEARCH INSTITUTE
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Figure 3
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DIFFUSION-PUMPED SPACE-SIMULATION CHAMBER




to sacrifice both pumping speed and ult.mate vacuum in favor

of more efficient trapping of pump oil. In some of the early
experiments backstreaming was very high, oil condensed on the
cold-water jackets and photolyzed to a highly absorbent varnish
which attenuated much of the uitraviclet radiation from the
lamps. Deposition of varnish was greatly reduced by employing
a trap filled with a molecular sieve (Linde 13x) in series with
an optical trap refrigerated with liquid nitrogen.

The samples were of many forms: pigmented and clear films,
free and on a substrate, compacted and loose powders. For
uncooled samples,6 as used in this equipment. the nominal
specimen temperatures were 150°F at an intensity of about
3 solar equivalents.

A second chamber was constructed for the oil-diffusion-
pumping station. It is a cylindrical chamber 24 inches in
diameter and employs a flat head with a quartz window mounted
in the center. The AH-6 lamp is mounted externally to the
chamber in order to eliminate formaticn of varnish on the
lamp water-jacket. The samples are mounted on a water -cooled
table which can be adjusted in he:ight The table is mapped
for different lamp-to-tablie distances and absolute 1ntensity
is measured by a wide-angie thermcp..e

Pertinent data for the twc chambers are presented in |
Table 1. The Geneva-drive champber was used for general |
screening tests A through F, and the chamber with the |
externally mounted lamp was used for tests AA and BB, |

Table 1

PERTINENT DATA ON SPACE-SIMULATION TESTS
EMPLOYING THZ OIL-DIFFUSION PUMP

Avg. Operating Pressure,

Solar Time Expocure Y rorrs _ ______

Test Factor _hr _ ___EsH = Imitial =~ _Terminai
A 1.5 50 75 L x 1072 25 x10°° .

B 4 17 68 1 x107° 1 x107°

c 3 60 180 L x100° 9 x107°

D 3 67 200 9 x 100 1 x10°

z 3 100 300 i x 100 2 x10°®

F 2.5-3 90 225.270 7 x 10°® 15 x 107®

AA 7-9 69 485-650 5 x 10°° 45 x 107’

BB 8-11 138 1140-1580 1 x 107® 3.5 x 1077

IIT RESEARCH INSTITUTE
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. .

2. Ion Pump

An ion-pumped space-simulation chamber was constructed
and was used for longer-term tests. The system provides a
convenient means of obtaining a clean ultrahigh vacuum. The
Chamber dimensions are given in Figure 4. The chamber is
provided with a quartz window and a liquid-cooled sample table.
The table, shown in Figure 5, can be cooled with liquid
nitrogen. ice water, or tap water and can accommodate six

l- % l-inch specimens. The system, shown in Figure 6, consisgts

of a 400-liters/sec Varian Vaclon pump, which is prepumped

with both a molecular-sieve sorption pump and a mechanical

pump. An AH-6 lamp is mounted over the quartz window, which

is shown in place in Figure 6. Reproducible equivalent solar
factors, as determined with a temperature-compensated thermopile,
were achieved from 4 to 18 intensities (2000 to 4000 A). A plot
of 1/D5 (D = distance from the lamp to the sample table) resulted
in a straight-line relation. .
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Figure 4

DIAGRAM OF ION-PUMPZD SPACZ-SINULATION CHAMBER
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Figure 6

ION-PUMPED SPACE-SIMULATION CHAMBER
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‘ Pertinent data for the ion-pumped space-simulation tests
are presented in Table 2.

Table 2

PERTINENT DATA ON SPACE-SIMULATION TESTS
EMPLOYING THE ION PUMP

Avg. Operating Pressure,
Solar Time, Exposure, torrs
Test Factor hr ESH Initial Terminal
1 10 45 450 3x107 1 x10°8
2 10 210 2100 5 x 1007 3 x 1078
3 8.7 195 1700 5 x 107/ 2 x 1078
4 10 120 1200 5 x 10°/ 4 x 1078
5 10 313 3100 5 x 10/ 2 x 1078
6 9 162 1460 3 x10°7 2 x 1078
7 17.6 191 3350 5 x 1007 5 x 10~8
‘ 8 Test failed

9 10.7 158 1700 5 x 1007 3 x 1078
10 21 25 525 2 x10°° 6 x 1077
11 11 144 1600 5 x 107/ 1 x 107/
12 13.6 41 555 2 x10°% 3 x 1077
13 10.7 297 3180 1 x10°% 3 x 108
14 17.9 18° 3300 3 x1077 6 x 1078
15 9 185 1670 5 x 1077 7 x 1072
16 10.1 183 1850 8 x 1077 1 x 1078
17 10.2 168 1720 8 x 1007 5 x 1072
18 10.2 156 1600 3 x 1078
19 11.1 90 1000 8 x10°7 5 x 1078
20 5.4 185 1000 1 x10°® 3 x 108

21 9.5 189 1780 2 x 1077
22 9 184 1650 3x10% 5 x 108
23 10.6 392 4170 5 x 107 4 x 1078

11T RESEARCH INSTITUTE
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B. Solar Simulation

1. AH-6 Lamp

The solar spectrum is given in Fiqgure 7. Also shown in
Figure 7 is the energy spectrum of a typical AH-6 lamp at
comparable total intensity. The wavelengths below 2000 A
contribute less than 0.1% of the total energy and so can be
disregarded without significant error. Wavelengths above
4000 A can be disreagarded because they are not sufficiently
energetic to break bonds, although approximately 90% of the
energy is found at these longer wavelengths and the total
suitability of a coating for passive temperature control
depends to a great degree upon its reflectance in the visible
region of the spectrum. On the basis of these considerations,
the General Electric AH-6 lamp, a quartz-jacketed water-cooled
high-pressure mercury arc, was selected as the source for
ultraviolet radiation.

103
<
[ #]
o AH-6 Spectrum "
2 L
N .10 \\\ [:
5 ——1_—L__
U ]
~
?m __L—
° Solar Spectrum '
~ l [
Y10
q
;s
m
o
— 0 d
@10
L od
v
D,
o,
(0
10‘1 1 1 | -
2000 2500 3000 3500 4000

Wavelength, A

Figure 7

COMPARISON OF THE SOLAR SPECTRUM
WITH THE SPEZCTRUM OF AN AH-6 LAMP
11T RESEARCH INSTITUTE
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' . 2. Measurement of Lamp Intensity_and_Solar Factor

The tctal lamp intensity was measured with a wide-angle,
temperature-conpensated thermcpile cbtained from the Eppley
Laboratories 6 1Inc The thermopile, Shown in Figure 8, has
a constant of 6.98 millivolts/cal/cm4/min. From the thermopile
output, the solar factor was caicuiated as follows-

thermopiie output tmillivoits) _ ..y /~m
2 X thermopiie constant - TETeT oo

The thermcpile output was divided by 2. since half of the

total energy of the lamp is assumed to be below 4000 A. The
solar intensity at waveiengths below 4000 A has been determined
to be 13 mill.watts/cm? Cal/cm2/min was converted to
mllliwatts/cm2 by applying several conversion factors. By
dividing this value by 'one" solar factor of 13 milliwatts/cm?
the number of 'suns ' or the eguivalent solar factor, for a
given thermcpile cutput was cbtainea Solar factors were
determined fcr various lamp-to-sample distances 1in the ion-
pumped chamber:

b

Distance from
Lamp tc Sample,

‘ 3olar Factor _____.inches ___

-00
40
4¢C
75
33

.00

G N NN 1 e

The AH-6 lamp .s pos.tioned over the samples at a
distance corresponding tc the sciar factor desired. A small
recording thermcpile i1s pcsitioned over the lamp and is used
to monitor changes in the iamp lntensity over periods of time.
This information 1s valuable in assigning an equivalent sun-
hour radiaticn value to a given soace-simulation e¥reriment.

(1T RESEARCH INSTITUTE
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Figure 8

WIDE-ANGLE THERMOPILE
FOR MEASURING EQUIVALENT SOLAR-ULTRAVIOLET FACTOR
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3, Lamp Degradation

Assessment of the damage caused by space-simulation tests
could be in error 1f the spectral output of the ultraviolet
source were reduced disproportionately i-.e., 1f the radiation
below about 2800 A decreased with lamp age at a higher rate
than the longer-wavelength ultraviolet Therefore, attempts
were made to measure the spectral output of several AH-6 lamps
before and after operation. A Seya-Namioka vacuum-ultraviolet

O —~ R S | - r . N
oot manufactured by Jarrell-Ash was used.

The results were inconclusive There appeared to be a
disproportionate decrease in peak intensity at 2285 and 2535 A.
The decrease, if interpreted properly, amounted to 20% No
such trend was discerned for the lower-wavelength continuum.

It was therefore concluded that calculations of exposure
(equivalent sun-hours) on the basis of the overall drop in
lamp intensity during a given test were reasonably accurate
and meaningful.

The criteria for changing lamps were either a 30% decrease
in the overall lamp intensity, as measured with the recording
thermopile, or the incipient erratic behavior of a lamp,
whichever occurred first. By these <r.t.:.3 the average
lifetime was 80 to 100 hours of contiin::us cperation. Some
lamps maintained constant behavior at above 70% of their
initial intensity for as long as 200 hours Others began to
flicker within two or three hours and had tc be replaced.

4. Transmission Losses Due to Varnish Formation

In some of the early experiments with the oil-diffusion-
pumped system, backstreaming was very high The backstreamed
0il that condensed on the cold-wate: jackets of the internally
mounted AH-6 lamps photolyzed to an ultraviolet-absorbing
varnish which reduced the totai radiaticn by 20% in 50 hours.
Most of the loss was concentrated in the important, short
wavelengths. Typical data for spectrat output of the lamps
before and after depositicn of this varnish are shown in
Figure 9. The bulk of this loss in output was eliminated
by the use of a chamber with exterrnally mounted lamps.

Varnish also formed on the quartz window 1n the ion-pumped
space-simulation chamber The varn.sh was removed after each
test by heating the window in boiling chromic acid. The effect
of varnish upon the transmittance of the quartzwindow is presented
in Figure 10. The upper curve shows the transmittance of a clean
window, and the bottom curve shows the transmittance after several
of the early tests in which the icn pump was first used. The
middle curve is the transmittance after oune run only. In the
final procedure adopted, the transmittance of the quartz window
was measured in each test both before and after cleaning. No

ermanent effec rtation w noted
perma t d%?rt%5§§£% H INSTIT%%E
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IV. PIGMINT SCREENING

A. Preparation of Samples

The prerequisites for selection of pigments were that they
be white and of high refractive index and purity. The most
important factor in the choice of materials. i.e ., stability
to the space environment, was determined by screening tests
and from limited information in the iiterature. The search
for pigment materials was a continuous activity during this
program,

For preliminary
as compacted powders
exposure and optical
poured into a copper
covered steel plate.

screening tests. the samples were prepared
that were suitable for both solar-simulation
measurements. The candidate powder was
ring, 1-1/2-inch ID, placed on a vellum-

A steel disk of 1-1/2-inch diameter was

fitted into the ring, covering the pigment. Applying a pressure
of 10.000 psi on the disk resulted in the finished specimen
illustrated in Figure 11. No binders or lubricants were used,
thus avoiding possible effects of foreign materials. Powders
which were not compactable into a cchesive body were placed

in aluminum dishes for solar exposure. This procedure precluded
optical measurements and permitted only visual observation of
color change.

/ / T
’ Steel dis™
J 7 s

7/

) T, ‘.',- LA} LA
o, Figment.r |
' 4 '

&

A gxposea face for irradiation
and optical measurements

Figure 11

FIGMENT SAMPLE

B. Irradiation

Most of the pigments were exposed to ultraviolet irradiation
in vacuum in the oil-diffusion-pumped system with the internally
mounted lamps. Two exceptions were Rokide A (alumina) and
AlSiMag 243 (forsterite) , which were tested 1n the system with
the externally mounted lamp. 2Zinc oxide powders were exposed
to more than 1000 E3H in the 1on-pumped system

11T RESEARCH INSTITUTE
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C., Results

1 General

Considerable coloration occurred in most of the pigments,
as shown in Table 3. Representative reflectance values are
given for two wavelengths in the visible spectrum, 440 and
600 mp. For most of the early screening work reflectance
curves in the visible spectrum were sufficient to suggest
or preciude additional study.

In general, natur>'. mined minerals were less affected
by ultraviolet irradiation in vacuum than synthetic laboratory
chemicals. £Exceptions were zinc compcunds and tin oxide,

For example, natural wollastonite was superior to synthetic
calcium silicate. Calcination of hydrated materials to their
anhydrous forms enhanced stability, as evidenced by the kaclins
and talc Calcination at 1000°C for 16 hours cf aiumina;
zirconia, and zircon, however, had iittle effect on their
stability. Apparently any loss of accuiped or absorrced water
and the possible strain relief gainea by thermal treatment

did not change the degradation characteristics of these materials.
A marked difference 1in stability was apparent among different
crystal forms of the same material Metastable gamma alumina
and cubic (unstabilized) =zirconia degraded much more severely
than their stable counterparts, alpha alumina and mcnoclinic
zirconia. Materiais other than zinc oxide which were fair.iy
stable were zinc sulfide, stannic oxide diatomacecus earth
(amorphous silica), and fired kaclin (mullite plus amo:phcus
eilica). Although AlSiMag 243 (forsterite) a.so exhib.ited

good stability, its low 1initial reflectance prec.uded further
study

Changes in reflectance curves in the visible spectrum
for pigments ranging from excellent (zinc oxide) to poor
(antimony oxide) are presented in F._ .r2sl2 through i5 For
practically all materials the refiectance losses were smallest
at the longer wavelengths and increasingly greater at the
shorter wavelengths.

11T RESEARCH INSTITUTE
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2. Zinc Oxide

The properties of the zinc oxide powders investigated
appear in Table 4.

Table 4

FROPERTIES OF ZINC OXIDE PIGMENTS INVESTIGATED

x Mean
Manufacturer s Purity, Particle
Designation Supplier % Size, W Remarks
SP 500 New Jersey Zinc 99.90 0.25-0.35
Usp 12 New Jersey Zinc 99.80 0.30
XX 504 New Jersey Zinc 99 60 1.5
XX 254 New Jersey Zinc 99 .60 1.5 Felleted
AZ0O-33 American Zinc 99 .20 0.20 Acicular
AZO-55L0 American 2Zinc 99.20 0.40 Low oil
absorption

AZO-66 American 2Zinc 99 80 0.20

E-P 414 Eagle-Picher 99 .40 1.0

E-P 730 Eagle-Picher 99 .50 5 4

*
Manufacturer's information.

The data in Table 5 show that zinc oxide was clearly the
most stable pigment studied, rivaled only by zinc sulfide,
tin oxide, and possibly diatomaceous earth (Table 3). The
limited number of short-term tests of zinc oxides of different
grades did not reveal any significant effects due to purity.
Long-term tests at 1670 and 1720 ESH revealied a surprisingly
high absorptance change in SP 500 zinc oxide. Good stability
was exhibited in the same tests by calcined SP 500 and also
by the unfired and fired forms of AZO-55LO zinc oxide.

Figure 16 illustrates the change in solar absorptance of
calcineq SP 500. The value of calcination of zinc oxide pigments
is threefold: stability to simulated space 1s improved, initial
absorptance is lowered, and physical properties are improved.
Improvement of stability, observed in SP 500 and AZO-55LO, may
be due to both the smaller surface area of the larger calcined
particles and the elimination of defects and may also be due in
part to volatilization of contaminants Lowering of the 1initial
absorptance results mainly from reflectance increases in the
infrared region; these increases may be due to enhanced scattering

IIT RESEARCH INSTITUTE

28 IITRI-C207-25



800° 1 4R $s0° ot1t” 0°G66 S°88
961" 6%0° 907" G°S6 0°06

s10° 13 ¢ L80" 9zT” 0°Z6 G €8
861" z80° 9TT" S°g6 g*98

L00O" (o) A £y0° L60" S°L6 S°16
€ET® 9¢0° L60° S°L6 S°Z6

9z0° ¥91° 290° Z0T" 0°96 $°06
8¢T” yv0° y60° 0°86 S eé

010" cie” 680° LTT” 0°16 S°¢8
AT/ ¥80° 81T 0°26 S" 68

y00° oyt £Evo° L60° 0° L6 0°26
9t T’ 6€£0° 860° S 96 0°zé

0£0° ELT” 890° GOT* 0°96 0°06
£Ey1” 8%0° 960° 0° L6 S°Z6

0°86 0°Te

0° 66 0°S6

S €6 698

0°S6 0°88

S°L6 0726

0°86 S €6

G°Z6 0°69

S°Z6 0°69

S°L6 S° 16

S°86 0°¢6

0°86 0°16

0°66 0°¢€6

0° 66 0°G6

0°66 0°S6

[4 1 T 009 T oy ¥
' D e b % ‘oouejoo1Jod

soueydiosqy Je109%

z2°o1 ozLt
0 Do00L 3® JY 9T pPaulIdIeRd 0155-02Y
z°oT o0zLT
0 0155-027Y
zZ° ot 0zLT
0 D000L 3® IY 9T poUTIDTeD 006 ds
z°ot 0zZL1
0 00§ d<
6 oL9T
0 07155-C2ZY¥
6 0L9l
0 D0o00L 3® IY 9T PIUIDTED 00¢ d<
6 0L971
0 00S ds
0T 001¢
0 00s d€
€ 00¢
0 ££-02ZVY
€ 00¢
0 Z1 dsn
€ 00¢
0 0,008 3I® Iy 9T pouTdIRD 006 ds
£ 002
0 dsn
3 002
0 99-0ZV
1 SL
0 006 ds
J030%y HST JUBWIBS Y uot3RvuLIssg
ae10S S,J9anj3oejnuey
21ns0dXd

SINHWOId FAIXO ONIZ J0 SIILYTIONd TVOILA0 NO WANDVA NI NOIIVIGWYHEI AN J0 IOFJJE

S alqeyl

IITRI-C207-25

29

P



SUNOH 9T ¥0d D000L LV GINIDTIVO
TAIXO ONIZ 00S dS 40 FONVIOZTIZY TVHIOFJS ¥VIOS NO WANDVA NI HEY 0,91 40 ILO¥4JX

9T 2anbig

W ‘y3busioaem

o't 9°C (A4 8°1 LA 0'1 9°0 Z°0

ot

oFT*0 = © :HSI 0L9T —-~=—-
9¢1°0 = » :Teurbrao oz

; o€

(0] 4

0s

% ‘souejoar3yey

09

oL

T== 08

——

=z 00T

1/ '

IITRI-C207-25

30



at the longer wavelengths by the larger particles. Better
mechanical propertiesarea result of the lower liquid (diluent
or vehicle or both) requirements in the formulation due to

the smaller surface area of the larger particles.

Investigation of zinc oxide powders, complemented by
paint studies (3ections V and VI) showed that SP 500 calcined
at 700°C for 16 hours was the most satisfactory pigment for
use in silicate-bonded thermal-control coatings. Although
other grades of zinc oxide exhibited optical and physical
properties approaching those of SP 500, more consistent
performance can probably be expected from SP 500 because of
more stringent manufacturing control.

ARMOUR RESEARCH FOUNDATION OF ILLINOIS INSTITUTE OF TECHNOLOGY
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V. SCREENING OF INORGANIC PAINTS

A, Binders

Water- based inorganic binders which were investigated
were: a 50% solution of monocaluminum dihydrogen phosphate
obtained from Victor Chemica. (designated AP in the tables),
Ludox colloidal siticas from Du Pont  and the alkali silicates
listed in Table 6. '

Table 6

FPROPERTIES OF ALKALI SILICATE BINDERS INVESTIGATED

Manufactu;er‘s ’ Sééﬁi%on ﬁoézgigio
Designation __Suppizer Pk 2 2
PS7 Sylvania 350 K20;3,30 5102
Kasil 1 Philadelphia Quartz 29 .1 K20:3U92 3102
S-35 Philadelphia Quartz 32.1 Na20:3,87 3102
N-silicate Philadelphia Quartz 37.6 Na20:3322 SiO2

Samples of PS7. aiuminum phosphate. and colloidal silica
were prepared as powdels py evapciating to dryness and calcining
at 800°C. Samples for exposure te aitraviolet radiation 1in
vacuum were prepared by empioy:ng the same compacting technique
used for pigments., The silica, however 6 could not be compacted,
so it was irradiated as a loose powder, Reflectance losses of
5.5 and 1.5% for the silicate and 21 .0 and 11.5% for the
phosphate occurred at 440 and 600 mu after 75 E£5H at an
intensity of 1.5 suns. The colloidal siiica was visually
observed to yellow considerably in this same ctest.

A second and perhaps more vaiid methcd ot studying the
stability of the binders was by their incorporation into paints
which were subjected to a simulated space environment.  The
results for zirconia-pigmented paints C45 to C49, in Table 9,
show the inferior stability of cclioidal silica- bonded coat1ngs=
Phosphate-bonded paints generaily exhibited optical property
changes similar to those of silicate-bonded samples. No
significant effect on stability of zinc oxide paints was noted
through the use of different alkali silicates as shown by
samples Z13 to Z15 in Table i0O.

11T RESEARCH INSTITUTE
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As a group, the alkali silicates were preferable to the
colloidai siiicas from the standpcint ot both stabitity and
physica: properties.  The aikal: siiicCates were alsc preterable
to aiuminum phosphate because its ac.dity necessitates the
use of protective primers on metais ana pecause low-temperature -

cured phosphate coatings are sensitive tC molsture Fotassium
silicate was preferable to sodium silicate _because it 1S less
likely to deveiop carbonate efflocescenc: Tre finai choice

of FS7 potassium s:ilicate was dictated by .ts hugher purity
and better physical properties :in comparison with the cther
alkali silicaces

B, _Faints

2i]l paint formulations containea three ingredientss
pigment . binder. and enough water to achieve a sprayable
consistency. Maxim.zation of the pigment/binder ratio {FBR)
was def.ined by physical properties The methcds used eariy
in the program for preparation ¢t the toimuiat.ons were e:ther
mixing the constituents by a compitiat.on of gr:nding and
mixing actlcon in an agate mortar ana pestie ol nand-shaking
the compos.tion containing a few pcrce:a.n balis Tne c.assicai
procedure for pailnt preparation . € rai.-Miiiind  was used
during the buik of the program

Spray-painting was done w.th a Pzascheé type AUTF a.rbrush,
limited brush-painting was done with conVeErnt.cnal camel-ha.t
brushes Aluminum pleces were gr.t biasted w.th 40.-nesh
s1licon carbide prior toe palnt appiracatiin te pLomote aaliesiin
The thickness of the paint was cons:idered satistactory when
the substrate was adeguately coverea 3.6 n:Quing powder .S
a function of pigment/binder rat.iC Ppa:tici€ £.z€ ana
refractive indices the thicknesses var.ed w.th the p.gments
used .

The majority ¢f the paints were itradiated in the Ccil-~
diffusion-pumped system with the internaily mounted iamps.
A few of the more promising composlt.ons were subjected tc
longer tests of 450 and 2100 £SH in the 1cn pumped chamber :
€7 and CL7 in Table 7 C42 in Tapie 8 and €55 in Tapbie 9

Test results for a variety of pa:nts appear in Tapse 7
In this group. tin oxide- and 2inc su.fide-pigmented ccatings
were the only materials which exhipited stakility apprcaching
that of zinc oxide paints However both compos.tions had a

5Vailj J G. ‘'Soiuple S.ilicates '’

New York Vol II p 231 1952

Re.nhuid Pup..sh.ng Corp

{1IT RESEARCH INSTITUTE

33 IITRI -C207-25



680° 6TZ" 0°¥%8 599 € 01014 ¢
0ET" S°¥6 S°26 o] pajuted-ysnig 6° 9% o1 4 LS4d oTsEn 60

S°¥6 0°9¢L S° 1 SL vz
0°86 S €6 0 6°LE 0s°1 Lsd O TVER €2
S 09 S eV 0T 0012 unpunIoqIe) v
0°98 0°s8 0 ‘XeayeysyTy t3uswbryg 1 A 2] 033 4 LSd OTSIVIT LO
S°¥8 S 18 a4 0s? TeIauty 93003 ‘TeTIajeuw b
S g8 98 0 Tejuawriadxs :3uswbig 12 2°] oE" b Lsda OTSTVIT 90
s Z9 0°2s 52 0sz TRIBUTH 33004 R
S°¥9 0°6s 0 ‘a3rTe3ad :jusubig Y ¥9 oty Lsd 0 TEIVI1l SD
STLL 0°¥¢ € 08T ¢z
0766 g°Zé6 o] 6°9¢ 0ot ¥ LSd o el 14
STTL S°ZS € 08T I0qED ¢
s'¢e8 S°8L 0 f1-g 83TUO3IsSeRTIOM :3juawbig €8°29 o' d LSd (0393 2] €2

9zo0° TLe® S°TL R 4°] € 002z z €z

Sye” . S°SL S°SL 0 wooTy ‘ge-o :3usubrg 6°t9 ot ¥ Led O Ht- 071V [4e]
0°vL S°8S € 081 z ¢ z
S°08 S*6L 0 eODTY ‘gg~D :3uswbig 2°99 oe"¥ LS4 O“HE- 07TV 10
35 D w009 7w Ooyp Joloeg HSZ B FENER] % ¥ad Japutg uawbTg aTduwec
souexdaosqy % ‘eouejoaljey Jeto0g ¢ juejuo)
Jet10s T eansodxy SPTII0S
uotT3T8Oodwo)

‘€ dTqel UT pe3Jodal SIe S)YIewsY JISPUN PaqIIOSSP JOU SIUSWOTJ
*JY 8T 303 Do0%T 3@ peand sardues [TV
SONILIVOD OINVOYONI SNAOCANVITIOSIW JO0 SHIL¥IJdONd TYOILdO NO WANOVA NI NOIIVIAVNYI AN JO 103442

L 81qey

IITRI-C207-25

34




110°

y10°

0e0”

144k

$e0”

1€z
oz

8Le”
y9zZ*

9LE”
gve”

T’
LLT”

62¢”
Sz’

0S¢
0174
(1°Y4
092
0012
0
062
0
0sZ
0S¢
00t
0
0oL
00¢

002

05 duIogsO “sey
‘arox rauswbid

*0p BUIOCSQO “Seyd
NpoX s3uswbig

05 duaoqsQ ‘SRYD
o suswbrg

ITWIBYL-TeIdN
¢Tezsw swrad :juswfTg

apT1s sse1b uo perrddvy

ap11s sselb uo porrddy

011300973 TeRIsuUaH ‘Te3shad
z3aenb pasny :juawbig

DTI30912 TeJsusn ‘aspmod

z3aenb pesny :3jusawbig
NO0ISSRTH
‘eorTrs pesny :3juswbrg

oe"¥

61°¢

o' ¥

61°¢

oe ¥

(V130 4

0z'¥

ot ¥

ot ¥

ot ¥

ot v

oe"¥

Lsd

Lsd

Lsd

Lsd

LSd

Lsd

Lsd

Lsd

oug

120

0Zo

610

SIC

v 10

IITRI-C207-25

35

s



»

highe: sciar absorptance than 2z.nc cx:de paints Alsc
difficulties were encountered in ach.eving coatings of good
physicai properties These drawkacks suggested that tin

oxide and zinc sulfide be reiega=ed ¢ backup pigments.

Solar absorptance curves tor these paints and for a degradable
system,; magnesium silicate-PS7 potassium silicate 6 appear in
Figures 17 18, and 19.

Diatomaceous earth and fired kaciln were rejatively
stabie in the pigment scre€n.ng sctudies Opticas data for
paints inccrporating these p.gments are tabuiated in Table
8. Diatcmacecus earths frcm two supp.:iers were used: Cicalites
from G:eat Lakes Carbocn and Celites trom Jonns-Mansville .
These silica prcducts have a low refractive .ndex {1 46) and
are widely used in the paint industry as extender pigments.,
Their use as prime pigments in the alkali silicate systems
required very thick ccatings. .n excess of 10 mils. to achieve
opacity  Due tc the h.gh surface siea and the low bulk density
of the d.atomacecus earth pigments cCcop.cus amounts of
water were necessary toi focimuiat.ng sprayabie consistencies.
The low sciids content of the compositicns as seen in Table 8,
attest tc this particie shape phenwunenon ot diatomaceous earths.
Poor stability was exhib.ited by the pa.nts inccrpcrating this
form of siiica, in contiast tc¢ the tavcrabie data tor the
pigment alone. Ref.ectrance chalLge: ¢l & 1epresentative paint
are iilustrated in Figure 20 Tne pce: physicair prLoperties
also suggested eliminat.icn of these ater:ais tiocm extensive
study

Molochite 1s a higniy cale.nea asum.onuin s.iicate produced
from a kaclin iow ain iron and aikai . It is essent.aily
crystaiiine mulliite plus a4 =Tm@i. amount of amcrphous s.liica
Fairily iow retlectance changes due to uitrav.oiet .rradiation
in vacuum were observed for the va:.cus grades of Morochite .
The #6, which 1s & coarser grade tnan Superfine (SF) exhibited
the best stability. Figure 21 shcws the refiectance curve for
a #6 paint. Since more extensive grinding would be necessary
to obtain the finer mater.al greater quantities or grinding
impurities may exist in the SF Ac.d i1eaching of #6 appeared
beneficiai to its stabliivy Howeve: . ire .iong-term test
(2100 ESH) produced a fair amcunt ¢t degradation in the paint
pigmented with this male. .-l

Table 9 contains data on paint pigmented with zircconium
compounds . Although the reflectance changes .n the short test
(75 ESH) indicated fair stabirlity later experiments revealed
that zirconia-paigmented pa.nts were unsav.sfactory Limited
tests showed that ccatings incerporat:ng zircon weire relatively
unstable, as illustrated graph.caiiy .n Figure 22

Of the non-zinc oxide pa.nts cnuy three compos.tions were
relative.iy stable- thcse centaunirg z.00 sultide stannic ox:de,

5
or Molochite #6 11T RESEARCH INSTITUTE
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VI. ZINC OXIDE-PIGMENTEL

A. Preparation of Materiais

1. Formuiation

The zinc ox.de-pigmenrted silicate paints were formulated
by bali-m:liing w.th porceiain bails at about 70% critical
speed for 6 to 24 hcurs. The voiume ratio of balls to material
was ma:ntained at 1.3 with a total charge of less than 50%.
Increasing the baii charge produced a sprayable consistency
in a shorter mi.iing time However ratios of 1:1 and 2:1
yielded coatings w.th lower 1efiectance. decreases of 2 and 6%
respectively occurced at 440 ml This :ncrease i1n absorptance
is attrlguted to mechanical distortion of the zinc oxide crystal
lattice

Thus .t 18 apparent that keeping the pball charge to a
minimum and obtaining more ¢t a mixing tather than a grinling
action is necessary for m:inimum absc:.ntance. The ratio of
1:3 with a tctal miiilng time of about 6 hours yieids good
mixing and sprayabiliity compat.bie w.th desirabie optical
properties for the tin.shed ccaring

2. _Appl.cativn

Paints were app.i€a on substrates by spraying with a
Paasche type AUTF thumb act.Cfi c.iliush Type 6061 -T6
aluminum paneis the materia. generali.y used for substrates,
were abraded with No. 60 A.ox.te metal cioth and thoroughly
cleaned with dete:gent and wate: A gas pressure of 30 psi
was found to be must su.takbie 2 cy.itnder of dry compressed
air or prepurified n:trogen was used

The applicat.cn technijue whicn y:eided the best
texture and super.cr phys.cal propercies of the coating
was: spraying at a distance ¢t © to .2 inches until a
reflection due ts the i.qu.d was apparent followed by air-
drying until the gloss was practicaliy gone. and then repeating
the spraying-drying cycile A thickness of apcut 1 mil was
achieved per cycre. Clat.ng G.mens.ons can therefore be applied
predictakb.y Howeve:r nand sp:aylng :s inherently an art and
not a science. and €xXpes .€nce must L€ gained by the individual
painter toc determine the mcst satisfacrory technique for him.

6 : . .
Mr. Harvey Brown New Jeisey Zinc Co Frivate communication,
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3. Curing

Curing techniques were dictated by the temperature
limitation of 300°F (150°C), as stated in the Introduction.
Samples were cured by air-drying or by heating at 280°F for
18 hours after a 24-hour air-drying. Curing under controlled
atmospheres such as carbon dioxide and water--or carbon dioxide-
free air are described later in this section.

A gravimetric study of the air-drying of silicate-bonded
zinc oxide revealed that essentially all of the water loss
occurred within 1 hour after spraying. Samples heat-cured at
280°F after a 100-hour air-drying displayed an average weight
loss of 0.7 &+ 0.1% 24 hours after the heat treatment. Stabil-
ity and the physical properties investigated indicated that
the advantages of a heat cure over air-drying are modest.

4, Summary

In all steps of preparation of materials, adequate pre-
cautions should be taken to ensure cleanliness and freedom
from contamination. The presence of impurities can greatly
affect the stability of paints to a solar-space environment.
Detailed information appears later in this report.

B. Determination of Physical Properties

l. Density

A study of weight versus thickness in potassium silicate
coatings pigmented with calcined SP 500 (PBR = 4.30) showed
the density to be 2.10 £ 0.2 g/cc. Based on a theoretical
density of 5.23 yg/cc, the porosity of the average coating
is about 60%. Such a high void content probably increases
reflectance, yielding lower solar absorptance, but the soiling
tendency is also heightened. The weight of a 5-mil coating
should be approximately 0.170 g/square inch.

2. Thermal Shock

Initial thermal-shock tests for the various paints involved
elaborate methods for monitoring temperature and mounting
samples in order to meet the requirements of the contract;

i.e., the coating must withstand a change of 50°F per minute
between 200 and -100°F. A simpler method was devised for
more rapid testing of the majority of samples. It consisted
of dropping the coating specimen directly into liquid nitrogen
contained in a Dewar flask. Cessation of bubbling in about

20 seconds indicated that the specimen had cooled to -320°F.
The sample was then removed and placed in an oven at 200°F,

11T RESEARCH INSTITUTE
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\

a temperature which the sample attained in about 4 minutes.
Since most materials passed this more severe test. the pro-
grammed temperature cycling was not required . The severity
as well as the simplicity of this test rendered 1t adequate
for determining thermal- shock resistance

All silicate-bonded zinc oxide coatingysof 6 mils or less
and also some thin zirconia coatings successfully withstood
10 cycles of the thermal-shock test. No damage to any of the
silicate-bonded paints was evident after immersion in liguid
nitrogen and removal to room temperature However , the heating
cycle to 200°F cracked some of the thicker coatings, Experi-
mentation showed that thick paints which had not been cooled
initially also cracked when heated, When the coated sample
is rapidly cooled, the coating undergoces compression, and
when heated, tensile strains prevail. For brittle ceramic
materials such as the silicate coatings the compressive
strength is about ten times the tensile This may explain
the stability to a decrease and not to an increase, since
the aluminum substrates used have a higher thermal expansion
than the ceramic coatings

3., Torsion

The torsion apparatus illustrated in Figure 23 was used
to study adhesion of paints to substrates One end of a
1- x 3-inch sample was held rigid while the other end was
rotated through the longitudinal axis at a speed of approximately
1° per second. 3hear failure in torsion usually occurred vwith
initial separation from the substrates at points A and B
(see Figure 24). Subsequent failure along the Jotted
diagonal line resulted almost immediately. except 1in 13 few
cases. It is possible that the grips holding the sample 1in
place at the ends may contribute additional stress which would
not exist in pure torsion, The condition of ioading 1in pure
torsion implies that the end sections of the bar are free to
warp, since there are no constrailning forces to hold them
in their respective planes.’ Thus the angle-at-failure
reported for various samples in torsion may actually be
lower than the true value.

Torsional stress resistance as a function of thickness
in silicate-bonded zinc oxide coatings 1s illustrated graph-
ically in Figure 25, The results for Series 1, 2, and 3
indicate that thermal shock had no deleterious effect on
adhesion. No significant difference 1n angle-at-failure
was evident for heat-cured versus air-dried samples (3eries 1

7Roark,IQ'J,, "Formulas for Stress and 3train' McGraw-Hill

Book Co., 1954,
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(PBR = 4.30)
)(_______—Q( Series 2: SP 500—PS7, 140°C for 18 hr
(PBR = 4.30)
2 3 4 5 6 7

Thickness, mils

Figure 25

TORSION VERSUS THICKNESS IN ZINC OXIDE-FS7 COATINGS3S

51 IITRI-C207-25 '



and 2) . The values for coatlngs pigmented with zinc oxides
such as AZO-55LO0, E-P 730, E-F 414, and XX 254 were similar
to those for SP 500- plgmented palnts Series 3 represents
samples of a higher FBR. 5.31, prepared fairly recently.
Coatings of the most recent vintage are show as Series 4.
As Figure 25 reveals, the curve for this last series is
displaced upward, indicating improved torsional stress
resistance., This improvement in physical properties is
attributed to refinements in spraying technique.

Torsional stress resistance of all silicate-bonded
zinc oxide coatings appears to be primarily a function of
thickness. As in the thermal-shock tests, the samples all
survived a stress condition much more severe than that
expected in actual practice.

4. Fatigue

A test method which may more closely simulate actual
launch and flight conditions consists of subjecting a sample
first to fatigue and then to thermal shocking The fatigue
machine rdpidly vibrated one end of a l- x 3-inch coated
specimen while the other end was held rigid. The distance
of travel of the free end (0.01 inch) was determined from
the formula for end-loading of a cantilever:

L2

d = £ I

uﬂﬂ

-

where F is load, L is length., E 1s modulus of elasticity, ar\dsI
is moment of inertia. The use of a strain value of 1500 x 10~
inches/inch (75% of the yield strength of aluminum) in the
calculation precluded plastic deformation of the aluminum.

Various samples were subjected to over 10,000 cycles
in a 6-minute period (1725 cycles/minute). They were then
thermally shocked for 10 cycles by immersion in liquid nitrogen
followed by rapid heating to 200°F. None of the zinc oxide-
silicate specimens were visibly affected by this combination
of physical and thermal stresses

5. Abrasion

The abrasion resistance of paints i1ncorporating various
zinc oxides was tested with a Taber Abraser. Results showed
that hardness of SP 500 coatings was improved by precalcination
of the pigment. by decreasing the PBR. or by heat curing.
Although zinc oxide coatings are relatively soft, this very
softness may be advantageous because stripping by abrasion
would not be difficult should repainting be necessary.

1T RESEARCH INSTITUTE
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One of the many capabilities which the thermal-control
paints must possess is the ability to take the shearing
stresses of mechanical fastening (e.g., bolts, screws, etc.).
A 1- x 3-inch aluminum panel with two 1/4-inch holes was
painted with a calcined SP 500 zinc oxide-PS7 potassium
silicate paint. After a 3-day air cure, bolts were screwed
tightly to the painted surface, and the nuts were placed on
the opposite side. Releasing of the bolts did not crack or
chip the coating, as observed under 10x magnification. The

+1a AT = A A 4
goftness of the ccating permitted the bolt head to grind into

the surfaces; this compaction, plus some transfer of metal
from the bolt to the coating, were the only effects observed.

6. Effect of Substrate Material

Spacecraft thermal control may require coatings for
surfaces other than aluminum, such as polished gold, Dow #7
conversion-coated magnesium, and fiber glass. Satisfactory
adhesion on 6061 T6 aluminum was achieved by abrading the
metal with #60 Aloxite cloth. Abrasion of gold with #240
paper and fiber glass with #60 cloth resulted in limited
adhesion on the former and good adhesion on the latter with
a calcined SP 500-potassium silicate paint. Dow #7 required
no surface preparation other than washing for satisfactory
adhesion. Buildup of a coating in excess of 4 mils on abraded
gold resulted in cracked, nonadherent films. Although cracking
sometimes occurred in coatings over 7 mils thick on aluminum,
the coating still adhered to the substrate.

Samples of coatings applied to the various substrates,
with the exception of gold, were subjected to fatigue, thermal
shock, and torsion. No significant effect due to substrate
material was revealed. Resistance to these physical stresses
of coatings applied on Dow #7 and on fiber glass was equally
as good as coatings applied on aluminum.

7. Summary

The various physical tests indicate that with proper
care in application, satisfactory properties can be expected
from zinc oxide-silicate coatings on aluminum, Dow #7, and
fiber glass. Although these properties can be optimized by
using thinner coatings, optical requirements demand coatings of
at least 4 mils. It is recommended that coatings in excess
of 6 mils be avoided to preclude possible cracking and sig-
nificant losses in mechanical properties.

1'T RESEARCH INSTITUTE
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C. Determination of Optical Properties

1. Effect of Coating Thickness

Studies were conducted to determine the effect of coating
thickness on solar absorptance and emittance. Figure 26 graph-
ically 1llustrates the solar absorptances of SP 500 zinc
oxide-PS7 potassium silicate coatings which had a PBR of 4.30
and a solids content of 46 3% The data reveal that minimum
solar absorptance was obtained with a coating thickness of
about 5 mils Approximately the same thickness was necessary
for minimum solar absorptance of coatings pigmented with
calcined SP 500 (Figure 27). The randomness of points in
Figures 26 and 27 can be attributed to slight variations in
the hand-spraying technique, which could introduce minor
dissimilarities in surface pigment concentration, porosity,
and other factors. Another possible source of error is
micrometer measurement of thickness.

Figures 26 and 27 show that minimal solar absorptance is
approached at a thickness of 4 mils The predictability of
the solar absorptance of a coating thicker than 4 mils is
+ 0 01. For satisfactory physical properties, coatings of
6 mils or less are desirable. The working range therefore
should be between 4 and 6 mils, which can be readily obtained
by a sprayer after some experimentation. Spectral solar
absorptance curves for coatings of various thicknesses are
presented in Figure 28

Total normal emittance is relatively insensitive to
coating thickness Ten samples which range from 1 to 5
mils exhibited emittance values of 0.94 to 0.98. Thus the
deciding criteria for thickness requirements is the solar
absorptance desired.

2. Effect of Zinc Oxide Calcination

2inc oxide powders were calcined at various temperatures
to determine what heat treatmert would yield a material of
improved physical properties with the same optical properties
as those of the uncalcined powder  The reflectances of paints
incorporating calcined SP 500 shcw that temperatures higher
than 750°C pxoduced a permanent colcr change (see Tablel! ).
On this basis, 700¢C was determined as a suitable calcination
temperature for SP 500 zinc oxide.

11T RESEARCH INSTITUTE
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D. Stability to a Simulated Space Environment

1. Preliminary Studies

In all the early studies zinc cxide paints were clearly
more stable than other inorganic coatings. Results of the
early tests in the oil-diffusion-pumped system are tabulated
in Table 10 Very small :teflectance losses, mainly in the
440-mp region of the visible sgpectrum were experienced by
all the coatings.

Various effects were investigated in these short-term

preliminary runs. The use of different alkali silicate binders

or grades of zinc oxide (Z13 through Z20) did not affect
stability. Lowering of the PBR to 2.13 (Z9) did not affect

degradation. The strong increase in initial solar absorptance,

however, suggested the use of a higher PBR. The stability of
paints applied by brush-painting (23 and Z8) was comparable to
that of sprayed coatings Use of an overlayer of PS7 vehicle,

intended as a washable coating (222) was not detrimental to
stability. Physical failure of this topcoat after washing,
however , precluded further study ot this composite coating.

Total normal emittance values were determined for some
of the coatings before and after space simulation. The high
values, all in excess cf 0.90, were virtually unaffected,

2, Effect of Soiling and Cleaning

A number of silicate-bonded zinc oxide coatings were

deliberately soiled by immersion in Duo Seal vacuum-pump oil.,

This simulates one of the soiling problems which can be
expected to occur in satellite evaluation tests. After
removal from the oil, the samples were expoused to ambient

conditions for 5 hours. The excess oil was then removed with
paper towelling. Two cleaning operations followed, the first
consisting of wiping with acetone-sovaked paper towels and the

second consisting of washing with Alconox-tap water and
scouring with a nylon brush. Final rinsing with distilled
water preceded drying under an airblast and complete drying
at 130°C. Moderate care in all the operations prevented

any apparent damage to the coatings. The samples were exposed
to ultraviolet irradiation in the oil-diffusion-pumped vacuum

system,

As shownin Table 11, a slight decrease in reflectance
resulted for most of the sciled and cleaned (S-W) samples.
Exceptions to this were some samples of initial reflectance
lower than 80% at 440 mp, these coatings exhibited a slight

increase in reflectance. Upon exposure to the simulated space

environment many of the samples which sutfered losses on
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washing bleached siightly. On the other hand, coatings which
showed an increased reflectance on washing revealed slight
losses after exposure to the simulated space environment.

In all cases the washing appeared to have adequately removed
any degradable res.idual o1l

3 __Long-Term Tests

The longer-term tests were conducted in the ion-pumped
vacuum system with an externaily mounted ultraviolet lamp.
Exposures of 450 to 4170 ESH at solar factors ranging from
B8 to 18 suns were used. The l1imited capacity of the water-
cooled shelf in the chamber dictated sample geometries of
1l inch square for maximum use,

Preliminary Tests. More significant optical changes in
the zinc oxide compositions became apparent in the longer
tests. The data tabulated in Table 12 reveal the effects
of different zinc cxides. pigment calcination., lower PBR, and
air cure versus heat cure,

The SP 500 and AZO-55LO coatings were slightly more stable
than paints pigmented with E-P 414 or XX 254. The lower solar
absorptances and ease of obtaining good coatings were additional
reasons for concentrating effort on the first two materials.

An SP 500 paint (Z50) of larger particle size, 2.1 u,exhibited
good stability. However . the high sclar absorptance and also
possible difficulties 1in obtaining larger batches of this
experimental powder were negative factors.

Pigment calcination did not infiuence the degradation
of SP 500 paints (243 through Z46) but was deleterious to
AZO-55L0 (Z51 through 254) The pigment studies described 1n
Section IV however. indicated that caicination was beneficial.

Lowering of the PBR was detrimental to initial solar
absorptance and aiso to stability (Z4%5 and 246 versus 2Z247) .
The improved physical properties realized with more binder
were more than offset by decreased stability.

The results for 248 versus 249 and 253 versus 254
revealed no signiticant gain i1n stability by curing at 280°F
for 18 hours rather than air-drying Elimination of a heat
cure in actual practice wcuid be desirable and, from the
results of physical tests as well as the space-simulation
studies, appears feasible.

Miscellaneous Physicai Effects. A number of samples were
subjected to various physical treatments pricr to stability
tests. Optital changes in these paints are tabulated 1in
Table 13,
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Considerable degradation occurred in 258. Obviously
application of a topcoat over a soiled area was not sufficient
to retain stability. It 1s possible that cleaning might remove
any soluble degradable material which may be dissolving in the
second coat during respraying. Physical punishment prior to
ultraviolet irradiation in vacuum had no significant influence
on stability (259).

Spraying techniques were varied for samples 260 and Z61.
It was anticipated that "wet" spraying would permit greater
settling of the pigment than the "dry" method and would therefore
result in a vehicle-rich surface which would be more degradable.
However, the results were the reverse of what was expected.
Good stability was exhibited by both samples in this long
test.

An experiment was conducted to determine the effect of
possible milling impurities. Comparisons between 262 and 265
and between 263 and Z66 indicate that ball-milling for 6 to
8 hours did not introduce enough foreiqgn materials to influence
stability.

A definite source of discoloration was residue from
acetone. Distinct yellow streaks were evident on the edges
of Z64, which had been '"cleaned" with acetone. The degradation
is only partially reflected in the optical measurement, since
the reflectometer was geared to a l-inch diameter and viewed
mainly the center of the sample.

Sample Z67 was formulated by using PS7 from a batch opened
one year previously  Except for tapping cf small amounts about
once a week, the container was kept tightly covered during
that time. Sample 7268 was made from a freshly opened supply
of PS7. As shown i1n Table 13, no effect due to the different
binder batches was evident and both coatings had excellent
stability.
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Effects _of Curing_and Storage. The randcmness of some
test results suggested the possibility of an effect due to

an aging factor. A subsequent test inveclving two samples,

277 and 278, which had been stored fcr 4 months, revealed
severe degradation. Sample Z77 was two-thirds of a 1- x 3-inch
panel: the other one-third. 260 in Table 13. had shown good
stability 1in an earlier test., The data for 277 and 278 along
with other samples 1nvestigated for curing and storage effects

appear in Table 14.

Another sample which had been stored for the same length
of time was cut into three pieces, each of which received
different treatments. The data for these samples, 279, Z80,
and Z8l1, reveal the beneficial effect of washing and maximization
of stability by heating the paint at 500¢C. In view of these
results, contamination of the paints appears to be possible.
Washing extracted some of the degradable component. It is
possible that additional washing may have removed even more.
The heat treatment was not at a high enocugh temperature to
decompose such materials as potassium carbonate, potassium
sulfate, or zinc orthosilicate had they been present as a
contributory factor in degradation. It appears that, ou storing,
the coating collerted impurities which had not actually reacted
chemically with the pain* but instead were held physically in
the porous coatings.

Sample ZB3 was cured i1n a carbon dioxide atmosphere by
placing 1t in a closed box with dry i1ce. The deleterious
effect on stability was obviocus from the change in absorptance.
Poor stability was also exhibited by 284 a zinc oxide-potassium
Bilicate formulation has a iimited, 1f any shelf life Diffi-
culties 1n remixing and spraying a.so resulted after storage.

The increase in absorptance for the compositions of higher
PBR was large 1n view of the heat treatment given these
samples (285 and 286) It would be lcgicai to assume that
a higher PBR ghould enhance stability  Studies with silicones
(Section VIII) corroborated this thesis.

A group of samples (Z87 through Z292) prepared at the
same time from the same formulation was irradiated in Test 22.
As shown 1n Table 14 the coatings received various types
of cure and storage. Surprisingly, the most stable coating
(287) was air-cured and stored. Its change 1n solar absorptance
was the smallest noted in any of the extended (»1000 ESH) tests.
The desiccator cure appeared to be deleterious to stability,
and no difference due to storage in air (Z89), under Saran
Wrap (Z90), or in the desiccator (Z88) was observed The
undesirable effect of the desiccator cure was partially
eliminated by heat treatment (Z91 and 292) The slightly
detrimental effect of curingina water-free and carbon dioxide-
free atmosphere seems paradoxical. However, good stability was
exhibited by all coatings in this group.
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‘ 4170 _ESH_Test _ (No _23) The most severe space-simulation
test in the program was for 4170 ESH at a solar factor of
10.6 suns . corresponding to nearly 6 months of direct extra-
terrestrial ultraviolet irradiation The optical changes plus
short histcries of the samples appear in Table 15, Good
stability was exhibited by 293 (Figure 29) and 294. The
comparatively superior behavior of the coating with the high
PBR, Z94. indicates the feasibility of increasing pigment
conccutbatLOﬁ‘ The beneficial effect of a 500°C heat treat-
ment 1s evidenced by the results for 296 A limited deleterious
effect was imparted by washing.

4. __Summary
The best incrganic thermal-control coating investigated

was PS7 potassium silicate paint pigmented with SP 500 zinc

oxide precalcined at 700°C for 16 hours. The PBR and solids

content both by weight =shouid be 4 30 and 56 9%, respectively.

Various effects cn stability to a space environment were studied.

Probably the most impcrtant factc: for maximization of the

stability of this system is cleanliness Contamination,

whether it be during fcrmulation application, 6 curing, or

stcorage, must be avoided A 500°C heating of the paint is

also advantageous. Such a treatment was not perrmitted in this

‘ program. however .

Several treatments were found to have littie or no effect
on stability Ball-miliing of the paint formulation did not
introduce encugh impurities to change the degradation charac-
teristics. Careful washing and phys:ical stresses such as -
fatigue and thermal shock also had negligiple effect on the
paint., The lack cf heat-curing was not detrimental to stability.
Storage under Saran Wrap or possibly a similar protective plastic
should have no influence cn the inherent behavior of.the paint
to the space environment

Certain factors were shown to be conducive to solar
absorptance changes. Foremost was contamination of the coating,
e.g., with sebum or acetone residue. Introduction of impurities
in a more subtle fashion such as settiing of airborne contam-
inants. must also be avoided  If a sciled area is to be
repalnted it must first be scrupuiousiy cleaned; merely
applying a topcoat was not sufficient to restore stability.

The zinc oxide-silicate formulation has a limited shelf
life. A degradable system resulted when the mixture was
permitted tc stand for any lengtn of time Apparently a
fresh batch of paint should be prepared just prior to appli-
cation. = Another detetericus factor was a carbon dioxide cure.
Acceleration of curing in such an atmosphere upset the stability
‘ of the system.
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VII. SCREENING OF ORGANIC AND ORGANOMETALLIC PAINTS

A. Preparation of Materials

The organic coating vehicles which were considered can
be divided into the following chemical categories: organo-
metallic vehicles with organic "framing" groups, fluorine-
containing aliphatic resins, organic polyesters, epoxy resins,
and miscellaneous vehicles including commercial resins with
undisclosed composition. In this discussion, however, these
binders are divided into three categories: commercially
available silicones. fluorine-contalning aliphatic resins,
and a modified silicone-epoxy composition. More than 45
resin films were considered for screening. Nearly 300
pigment-binder combinations were prepared, although only
about 50 paints were irradiated in vacuum.

The study of experimental methyl silicone resins comprised
a major portion of the non-inorganic phase of the research pro-
gram. For this reason, the methyl silicone resins which were
synthesized during the course of the program are discussed
separately in Section VIII.

Four silicones were evaluated: General Electric Company's
RTV-11 silicone paste, their LTV-602 silicone potting compound ,
their SE551-N silicone gum. and Dow Corning Corporation‘s 806A
silicone resin. The first two materials are polydimethylsiloxane
polymers with the following generalized structure:

RTV-11 contains silica. calcium oxide. and calcium carbonate
as fillers. It is cured with Thermolite 12. a proprietary
catalyst obtained from General Electraic, LTV-602 1s a trans-
parent liquid containing no fillers and 1s cured by addition
of SRC-05 catalyst. Both materials cure at room temperature,
but the LTV-602 requires 16 hours unless the temperature is
raised to 150 to 200°F, SE551-M is a low-shrink, methyl-phenyl
silicone gum stock which is cured with benzoyl peroxide. Dow
Corning 806A resin is a methyl-phenyl silicone and possesses
a structure which is a cross-linked version of structure I
with some of the methyl groups replaced with phenyl groups.
This resin requires heating to 480°F to cure, although the
addition of a metal soap catalyst or a cross-linking agent
such as tetrabutoxy titanium accelerates the cure.

11T RESEARCH INSTITUTE
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Nine fluorine-containing polymers were evaluated. Those
which were obtained from E. I, Du Pont de Nemours and Company
were: Teflon TFE Dispersion No. 30, Teflon TFE High Build
Clear Finish No 852-202 Teflon FEP Dispersion No. 120,

Viton A. and Viton B. Teflon TFE. or polytetrafluoroethylene,
has the structure:

e cr, ]
-!’-~-CF,)~CF =1
_ 4 n

LI

Teflon FEP. a copolymer of tetrafluoroethylene and hexafluoro-
propylene. has the structure:

CF2—_CF2—CF2-¢F;}
CFSI

n
ITI

Viton, a copolymer ct vinylidene fluoride and hexafluoropropylene,
has the structure:

tjCHZ—CFZ—CF2QF—T

CF

3

-’ n
v

The raw polymer of Viton B gum was dissclved in acetone or
methyl ethyl ketone It required about 10 days before the
suspended impurities settled and a clear solution was formed.

Kel-F resin No. 800 and Kel-F latex No. KF 8213 were
obtained from the Minnesota Mining and Manufacturing Company -
The resin and latex are each copclymers of vinylidene fluoride
and trifluorochloroethylene:

-CF,,—-CF-CF. -CH_ -1
2 i 2 2
C1 }
n

v

Kel-F No, 8213 was received as an aqueous dispersion. A ketone
dispersion was made from 1t by quenching the aqueous dispersion
of the latex with liquid nitrogen, covering the solidified
material with acetone, allowing the solid to warm. and
decanting the supernatant solution. The process of water
extraction was repeated without further freezing. The acetone

dispersion was then dried cver nonreactive drying agents.
itT RESEARCH INSTITUTE
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Kynar No. L-18 was obtained from the Pennsalt Chemicals
Corporation and is a polyvinylidene fluoride resin with the
structure:

n
VI
Exon 461 was obtained from the Firestone Plastics Company. It
is a copolymer of vinyl chloride and trifluorocloroethylene and

has the structure:

{;CHZ -CH- CF2 -CF
C1 ¢1 n

VII

The only epoxy resin evaluated was a silicone-epoxy
modified acrylic resin known as Leonite 201-S obtained from
the Leon Chemical Industries,

B, Paint Formulation

The organic coatings were applied to one surface of an
aluminum ,plate 3 x 1 x 1/16 inches. 1In this report the paint
formulations are designated as P-1. P-2, etc. The designations
used in previous reports on this program are listed in Appendix I.

The ratio of pigment to binder in the paint was obtained
by dividing the weight of the binder used by the weight of the
pigment. The solvents and dispersing agents which were evaporated
during the drying and heat-curing treatments were not included
in this ratio.

Most of the coatings were prepared by rotating the pigment,

the resin, and a solvent in a polyethylene container with glass
or silica beads.

C. 3Stability to a Simulated Space Environment

Only two clear organic polymer films were irradiated:
one specimen of Teflon TFE No. 30 and one of RTV-11 silicone.
The data for these two coatings appear first in Table 16, which
also contains data for other representative organic paints.
Comparison of the reflectance changes in P-1 and P-3 illustrates
the difference between a phenyl and a methyl silicone binder

1IT RESEARCH INSTITUTE
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although some of the degradation in P-1 at 440 mup was due to

the low PBR. Subsequent silicone paints were formulated at a
PBR of about 2.5,

Coating P-4 showed excepticnai resistance to degradation;
the loss in retlectance at 440 mp was only 1.0%. The PBR
of 5 is much higher than is practical however This value
is in excess of the critical pigment volume concentration for
this pigment-binder comb:nation. The critical pigment volume
concentration is reached when there is insufficient binder to
wet the pigment particles and the resultant paint is powdery
and easily scraped from the panel

The small ioss in refiectance of only 4.5% at 440 my for
the methyl-phenyl gum stcck. paint P-2. was surprising in
light of our experience with phenyl-containing silicones in
general. Comparable stabiiities were not observed in the
classical phenyl-methyl resins. It is suspected that the
relative stability of P-2 resulited trom the lower phenyl/methyl
ratio compared with resins such as Dow Courning 806A. The gum
stock was not stud.ed furtrer pecause of the superior stability
of pure methyl silicones (see Section VIII) .

Coatings P-9 P-i0. P-i2 P-14 P-:5 and P-16 were also
pigmented at a very high PBR ara their respective critical
pigment volume concentratvicns were probabiy exceeded although
fairly good adhesion was observed .n these six paints, Of all
the nonsilicone paints P-.4 shcwed the best resistance to
vyellowing  This paint was the acetone dispersicn of Kel-F
8213 pigmented with 3P 500 z.inc oxide

Reflectance curves tor the 380- to 700-mu wavelength
rejion pefore and after 11.ad.at.cn are presented for paints
P-4 P-10 P-14 and P-i9 .nF.guies 30 through 33 respectively.
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VIII. 2ZINC OXIDE-PIGMENTED METHYL SILICONt PAINTS

A, Materials

As a result of the pigment and 1norganiC screening
investigations, the pigmentation of silicone-based paints
was confined essentially to the use of SP 500 zinc oxide,
Rutile titanium dioxide and zinc sulfide were used in
several instances for the purpose of comparison,

Except for two phenyl-methyl silicone paints, efforts
were devoted primarily to methyl silicone.or polydimethyl-
siloxane, polymers. The studies were divided into two phases:
(1) evaluation of commercially available methyl silicone
polymers and (2) synthesis and evaluation of experimental
methyl silicone resins.

B. Paint Formulation

Except as noted. all the palnts were ground in a porcelain
jar mill for about 16 hours at approximately_two-thirds critical
speed. The critical speed (rpm) is given by8:

54.2
wCs = JE_
where R is the radius of the mill (feet) The only ingredients

used were pigment. vehicle. and solvent Thus the possibilities
of volatilization as well as photooxidation of additives at
reduced pressure were eliminated

The paints were made by charging an amount of the premixed
paint to the mill sufficient to just fill the void space when
the mill was one-half full of grinding stones The premixed
paint contained enough solvent to make a thin paste on grind-
ing. The paint was reduced to a total solids content of 40%
by volume at the completion of grinding. Except for paint
S-17, catalysts were not a part of the mill charge but were
added only as paint was required The coatings were applied
with a Paasche type A”TF airbrush at about 30 psi.

The formulation data for all the silicone paints are
given in Table 17. Pigment/binder ratios are shown as both
weight and volume ratios.  Weight ratios are designated PBR
(pigment/binder ratio) . Volume ratios are designated EVC

BDallaValle, J. M., "Micromeritics." Fitman Fublishing Corp.

1943,
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Table 17

FORMULATION DATA FOR SILICONE PAINTS

pvC,

Paint No. Ingredilents, parts by wt. e %

S-1 Superlith XXXN zinc sulfide 107.5 - 40
BO6A resin 100.0
Toluene 37.0

S-2 SP 500 zinc oxide 156.0 40
R-621 resin 100.0
Xylene 40.0

S-3 S 500 zinc oxide 141.0 20
XR-6-1057 resin 173.0
Tetrabutoxy titanium (TBT) 3.0
Toluene 108.0

S-4 Sk 500 zinc oxide 45.0 25
R-1 exptl. resin soln. 111.0

5-5 SP 500 zinc oxide 93.4 25
XR-6-0049 resin 100.0
Xylene 38.0

S5-6 SP 500 zinc oxide 186.8 25
LTV-602 polyner 100.0
SRC-04 catalyst 1.0
Toluene 171.0

s-7 St 500 zinc oxide 140.1 20
1.TV-602 polymer 100.0
SRC-05 catalyst 0.5
Toluene 160.0

S-4 Sk 500 zinc oxide 112.0 25
R-2 cxptl. resin soln. 100.0
Tuluene 67.0

S-9 S 500 zinc oxide 94.8 25
K-3 cxptl. resin soln. 100.0
Toluene 43.6

5-10 SP 500 zinc oxide 77.5 25
KR-4 expll. resin sovln. 100.0
Xylene 17.7

S-11 st 500 zinc oxide 123.6 25
R-% exptl. rosin soln. 104.0
Toluene 86.0
.

&2

Solids,
PBR_ % by vol,

2.15 40
3.10 40
1.19 40
1.35 26
1.80 40
1.87 40
1.40 40
1.70 40
1.70 40
1.78 40
1.63 40

TITRI-C207-25



P ool

SP 500 zinc oxide
LTV-61N7 polymer
SRC..}% catalyst
Toluene

SI* %00 zinc <xide
L.TV-602 polymer
SR-05 catalyst
Toluene

Titanox RA-10 rutile
B80bA resin
Toluene

SP 500 zinc oxide
R-5 exptl. resin
Toluene

SP 500 zinc oxide
R-7 exptl. resin
Toluene

RA-NC rutile

808 resin

Tetrabutoxy titanium (TBT)
n-Butanol

Toluene

5P 500 zinc oxide
SR-80 resin

SP 500 zinc oxide
R-5 exptl. resin
Toluene

Sk 500 zinc oxide
R-7 exptl. resin
Toluene

SF 500 zinc oxide
E-P 414 z1inc oxide
R-5 exptl. resin
Toluene

St 500 zinc oxide
R-5A exptl. resin
Silicure Z-775
Toluene

SP 500 zinc oxide

R-5B exptl. resin
Tetrabutoxy titanium (TBT)
Toluene

186.8
100.0

0.5
170.0

240.0
100.0

183.8

73.0
100.0
24.0

212.0
100.0
157.0

163.0
100.0
150.0

140.0
100.0
1.0
47.0
24.0

48.0
100.0

268.0
100.0
176.0

210.0
100.0
160.0

134.0
134.0
100.0
176.0

213.0
100.0

0.5
126.0

255.0
100.0

1.0
168.0

25

30

30

30

25

45

25

35

30

35

35

35

1.87

2.10

ITTRI-C207-25
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Table 17 (cont.)

PVC Sclids,
Paint No. Ingredients, parts by wt. % PBR % by vol.
S-24 SP 500 zinc oxide 255.0 35 2.55 40
R-5B exptl. resin 100.0
Silicure 2-775 0.5
Toluene 168.0
s-25 SP 500 zinc oxide 213.0 35 2.13 40
R-S5A exptl. resin 100.0
Tetrabutoxy titanium (TBT) 1.0
Toluene 126.0
S-26 SP 500 zinc oxide 373.0 40 3.73 40
LTV-602 polymer 100.0
SRC-05 catalyst 0.5
Toluene 214.0
S-27 SP 500 zinc oxide 304.0 35 3.04 40
LTV-602 polyner 100.0
SRC-05 catalyst 0.5
Toluene 197.0
S-28 Titanox RA-10 rutile 180.0 30 1.80 40
LTV-602 polymer 100.0
SRC-05 catalyst 0.5
Toluene 183.8
S-29 SP 500 zinc oxide 264.0 35 2.64 40
R-8 exptl. resin 100.0
Tetrabutoxy titanium (TBT) 1.0
Toluene 176.0
s-30 SP 500 zinc oxide 48.0 35 1.45 31
81932 resin 100.0
Tetrabutoxy titanium (TBT) 1.0
S-31 SP 500 zinc oxide 316.0 40 3.16 40
R-8 exptl. resin 100.0
Tetrabutoxy titanium (TBT) 1.0
Toluene 179.0
S-32 TiPure R-900-~1 rutile 237.0 35 2.27 40
LTV-602 polymer 100.0
SRC-05 catalyst 0.5
Toluene 198.5

84
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$-33

ZW-60

LNO-40

Q-9-0106

0-9-0107

Q-9-0108

SP 500 zinc oxide
R-9 exptl. resin

Tetrabutoxy titanium (TBT)

Toluene

Zinc sulfide
808 resin

Tetrabutnxy titantum

Zine « nide
808 1¢,ain

Tetrabutoxy titanjum

Zinc oxide

316.0
100.0

1.0
225.0

Proprietary methyl silicone elastomer

Rutile

Proprietary methyl silicone elastomer

Zinc sulfide

Proprietary methyl silicone elastomer

40

60

40

25

25

15

3.16 40

ZW-60
and ZNO-40
furnished
by JPL

0-9-0106,
Q-9-0107

and 0-9-0108
furnished by
Dow Corning

Dow Corning: B06A resin, XR-6-1057 resin, XR-6-0049 resin, and 808 resin.
&nntum (TBT) and TiPure R-900-1 rutile.

E-¥ 414 zinc oxide,

LTV-602 polymer, SRC-04 catalyst, SRC-05 catalyst,

Du Pont)

Fagle-Pichar:

General Electrics
SR-80 resin, and 81932 resin,

Titanox RA-10 rutile and Titanox RA-NC rutile,

8P 500 zinc oxide,

8ilicure 2-778.

Superlith XXXN zinc oxide.

R-621 resin.

National Lead:

New Jersey Zinci
Nuodex Products
C. J. Osborn Co,s
Union Carbides

Tetrabutoxy ti

85
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(pigment volume concentration). The interaction of light with
pigmented systems depends upon the volume and the surface area
rather than upon concentrations by weight. In other words,
two white pigments of different densities can be compared as
paints only at equal volume concentrations.

C. Synthesis of Experimental Methyl Silicone Resins

L 3. Ty - - AL & aam P, S - on ol Joee
411 g Il T1LOOI11 SClieue oL ueuil
d Gilliam? as:
0

e reac
is given by

eral ac
Rochow an

w0 rh

(CH3)ZSiC12 +2H2 —> (CH3)2Si(OH)2 4+ 2HC1

CH3SiCl3 + 3H20 — CH3Si(0H)3 4+ 3HC1l
7
2n(CH3)2Si(OH)2 + nCH3Si(OH)3~——> ?H3 ?H3 CH3 + 2nH20
Si—O-Si—O-?i-O
|
CH CH
3 3 n

A mixture of mono- and disubstituted silicon halides (or
ethoxy esters) is hydrolyzed, and the resultant silanetriols
and silanediols are condensed to the resinous product. The
composition of the resin is controlled by Me/Si, the molar
ratio of methyl groups to silicon atoms. Me/Si is essentially
the same for both the reactant mixture and the product. Methyl
silicone polymers prepared in this way with Me/Si less than
1.2 are sticky syrups which cure at room temperature to hard
brittle solids. Resins with Me/Si greater than 1.5, and
especially greater than 1.7, are oily, slightly volatile
liquids which cure to soft gels only after prolonged heating
at 200°C.

Relevant data on the various experimental silicones are
tabulated in Table 18. Molecular weights were obtained on a
Mechrolab vapor pressure osmometer, model 30lA. The instru-
ment is known as a "thermoelectric" type of osmometer .10

9Rochow, E. G. and Gilliam, W. F., The Journal of the American
Chemical Society. Vol. 63, p. 798, 1941.

105:0d4y, A. P. et al, Journal of Physics and Colloid Chemistry,

Vol. 55, p. 304, 1951,
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The exverimental resinz were svnthesizeld 2s follows.

Experirent A Resan - I

Two-tentha wojes (2502 ) of dimethyldichloro-
a1lane (99.4%) and G.43 moles (72.0 3) of nethyltrichlorosilane (95%) were mixed
in 300 g of anhyirous diethyl ether. The resnltant mixture was adiled dropwise
with agitation, over 2 period of 30 min, to 1000 g of 1ce.  The resultan
water /ether phases were separated and the ether solution Aried over anhydroas
magnesium sulfate.  The obhor woes cvaporated, leaving Lhe silicone resin n
the form of an extremely hydrophobic, viscous iguid, The o1l was taken up
with suffirient xviene to make a 30% by wt. solution of the resin. The specific
aravity of the res:n solution wasw 0,990, te/31 was calculated to be 1.29.

Sxperimental Resin

Four—tenths moles (51.6 g) of dimethyldichloro-
silane (99.4%) and 0.42 moles (7..0 ) of methyltrichlerosilane (95%) were mixed
in 30C g of anhydrous diethyl ether. The resultant mixture was added dropwise
with agitation, over o period of 40 win, Lo 1000 g of ice. The ether layer was
separated and washed with <l1stilled water until a water Jayer neutral to litmus
wia obtained. The ether solation was dri=i over anhy-drous magnesium sul fate and
All. ) to evaporate in a hood for 4 lays. bMe/si was calculated to be 1.46. A
6O slution by vol. in tolursne wis nreparel. The apecific gravity of the resin
solutinn was 1.015.

Experimental Pesin R 32

Four-tenths moles (52.2 g) of dimethyldiethoxy-
silane (90%) and 0.49% moles (85.5 a) of methyltriethoxysilane (90%) were mixed
and added to 200 ;3 of anhydrous «-thyl alcohol.  The mixture of silanes and
alcohol was added to about 4C6 3 ~f -listiilel water containing 10 g of 37%
hy-drochloric acid. The inixtnre was refiixed 3-1/2 hr. The resinous o1l was
separated by decantation, wizhed | and allowed to stand in a ~eparatory funnel
for 72 hr. The resin was agiin sepiarated and diluted to 50% by vol. with
toluene. The rosin solntinn was then aried over Drierite. The specific
gravity of the solntion was C.084. Me/3i wis caleulated to be 1.46.

wxperimental K

Your-tenths motes (592 g) of dimethyldiethoxy-
silane (90%) and 0.48 males (45,5 ) of merhyltricthoxysilane (90%) were mixed
with 150 4 of 95% ethyl alcohel and Adled to 400 3 ot distilled water. To this
mixture was adde1 22 mloof 1% hwylrochtorie acid, ant the mixture was retluxed
vigorously tor 19 ho. A ayrinoy, visoous, cotor1ess finid of density greater
than water roesulted.  The polymer wis washed by decantation until a neutral test
to ]J1tmus was obtained.  Then 70 g of xylene was 4404, effecting separation of
a water /orcanic phase.  Phe oregar e layer was washed with distilled water twice
and was dried over rierite aftrer weighing. The resultant solution contained
40% resin by vol. (47% by wt.), ani the Me/3i of the polymer was calculated to be
1.46. The specific 4rtavity of the resir solution was 0.965.

wxpecilrental Roesan R-5:

Three-tentha meles (33,7 a) of dimethyldichloro-
silane (99.4%) and 0,40 males (70,0 ) of nethivitrichlorosilan (95 .0%) were
mixed 1n 300 31 of anhydrons diethyl other, The resultant mixture was added
dropwise with aqitation, over a perod of 40 win, ta 1000 g of ice. The ether
Tayer was senarated ol wach f onee with digt 111ei water. It was then washed
with 5% solution of 3ol orcar bonate, rollowed by three washings with distilled
water. The «ther soiation wag Jdried over Doverite and evaporated at reduced
resin. A resin solution in toluene was
gravity of the resin solution was

sreegsure ., leaving v visoome o oenlorn fo
Moo At H7.4% solids by vol,  The
1.040.  Me/S) 1o calendatod b e 100,
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Experimental Resin R-6:

Four-tenths moles (59.2 g) of dimethyldiethoxy-
silane (90%) and 0.96 moles (171 g) of methyltriethoxysilane (90%) were mixed
in 200 g of ethyl alcohol and added to 600 g of distilled water. To this
mixture was added 33 ml of 37% hydrochloric acid, and the mixture was refluxed
vigoreusly for 19 hr, A waxy colorless qum resgidue (solid) resulted in large

yield. On 4rying the solid at reduced pressure, it was found to be insoluble
in all common laboratory solvents. Me/Si was calculated to be 1,29,

Experimental Resin R-7:

Twenty-five one-hundredths moles (32.2 g) of
dimathyldichlorosilane (99.4%) and 0.50 moles (74.8 g) of methyltrichlorosilane
{95.0%) were mixed in 300 g of anhydrous diethyl ether, The resultant mixture
was added Aropwise with agitation, over a pariod of 40 min, to 1000 g of ice.
The ether layer was separated and washed with Adistilled water until a water
layer neutral to litmus was obtained, The ether solution was dried over
Drierite and mvaporated at a reduced pressure, leaving a viscoua, colorleas
raain, The specific gravity of the rosin was 1,150, Me/Si was calculated to
he 1,133,

Lxperimantgl Resine R-3A and R-5B:

The baaic R-5 methyl asjlicone reain
wans prepared accaording to the procedure outlined above. The resultant stock
resin (containing no solvent) wam distilled at 150°C at 0,04 & 0,01 mm Hg
presaure in an A3CO '50' Rota-Film molscular atill, The upper-molecular-walight
fraction was collgeted as R-5A, Ite molecular weight was found to he 2290,
NOTE)1 The lower-mnlecular-weight fraction was redistilled at 150°C and 0.04 mm Hg
pressure, Ite upper fraction was then collected as R-5B. The molecular weight
was found to be 958, The apenific gravity of R-5A waa 1,140 and that of R-8B
was 1,181, The reains were decnloriged with Atlas lowder's Darco Activated
Carhon 1360,

Experimental Resin W-@1

The basic R-5 methyl silcione reain wae prepared
according te the procedure out]ined above, 'The resultant atock reain (containing
no malvent) was distilled at am average temperature of 108°C and 0,04 mm Hg
presaure in an A3CO '50' Rota-Film molecular still, The upper-molecular-weight
fraction was collected as R-A., Jta molecular weight waa found to he 2100, and itse
specific gravity was },1A2, The reain wan decolorimed with Atlas towder's Darce
Activated Carbon GA0,

Axperimental Resin R-9

The basic R-% methyl silicone reain was prepared
according Lo the praecedure ontlined ahove, The reaultant stock reain (containing
no solvent) was distilled at an average temperature of 100°C and 0,004 mm Hg
pressure in an AICO '60' Rata- Film molecular &till, The upper-molecular-weight
fraction was ecollected as R-9, 1Its moleeuylar waight was founi to be 2000, and
1ts apecifie gravity was 1,190, The resin wan decolorized with Atlas Powder's
Darco Artivated Carhan GAU,

i
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D. Determination of Fhysical Froperties

1  General

Commercial and experimental methyl silicone polymers
were evaluated., The commercial polymers were Dow Corning's
XR-6-0049. XR-6-1057, and XR-6-2000 and General Electric's
LTV-602. XR-6-2000 and LTV-602 are methyl silicone potting
compounds. A resin designated SR-80 was furnished by General
Electric and was reported to be a zinc octoate cured methyl
resin A similar resin but without the catalyst was also
furnished. It was designated No. 81932, The behavior of
paints based upon SR-80 and No 81932 when subjected to
space simulation as well as infrared analysis,6 however,
showed that these resins are not pure methyl polymers. The
cohesive and adhesive strengtl:s of zinc oxide paints based on
XR-6-2000 were so poor that no further tests were made.

The first batch of XR-6-0049 formed an irreversible gel
before it could be used. and paint S-5 (Table 17) was formulated
from a second batch, with a shelf life of over 6 months.

XR-6-1057 was pigmented with SP 500 zinc oxide at PVCs
of 20, 25, and 30%. All three coatings as well as a clear
varnish of XR-6-1057 underwent catastrophic "checking” at
the 360°F temperature required to cure the coatings. An
air-drying modification of XR-6-1057 was prepared by careful
addition of 1% tetrabutoxy titanium (TBT) in n-butanol., This
‘resin solution was subsequently pigmented with SP 500 zinc
oxide at 20% PVC and applied to aluminum substrates. The
coating air-dried to the touch in 1 hecur and formed a film
capable of being evaluated i1n the space-simulation chamber,
The coating was designated S-3

Paint 3-6 is a zinc oxide-pigmented methyl silicone
elastomer made from LTV-602 and General Electric's SRC-04
catalyst. The paint required over 2 weeks at 36C °F to cure
tack-free. Subsequent coatings baseda on LTV-602 utilized
General Electric’'s SRC-05 catalyst ard their proprietary
primers SS-4004 and 55-4044. These coatings all cured within
48 hours at room temperature. Paints formulated at higher
PVCs cured at room temperature in 18 hours or less. This
behavior 1s possibly due to greater porosity in the more
highly pigmented systems, permitting faster solvent evaporation.
Adhesion of LTV-602 paints was poor when the primers were not
used. In fact, unprimed coatings were easily stripped intact
from surfaces as large or larger than 1 square foot. The
adhesion of the primed material was adequate, as determined
by subsequent tests. Another problem with the elastomeric
coatings was their affinity for dirt, dust, and debris.

1IT RESEARCH INSTITUTE
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Although it was virtually impossible to keep their surfaces
clean, the collected dirt was easily removed by wiping with
a soft damp cloth.

The curing properties of the paints ccntaining the
experimental silicones derived from silicon halides were
essentially as expected. The ccating containing the lowest
Me/Si, L.29 (Table 18), cured in only 1 hour at 330°F  some
checking occurred on heating to a slightly higher temperature.
The coating with the highest Me/Si. 1 .46 requaired 1€ hours
at 300°F to cure. The ccating with an intermediate Me/Si,
1.38, cured in about 16 hours at 260°F.

The molecularly distilled resins based upon the R-5
stock did not cure in lb hours at 300°F When catalyzed
with zinc octoate (SilicureZ-775) . they usually cured in only
15 minutes at 300°F to a very hard brittle. glossy film which
could not be marred with a tingernati. However, coatings cured
with zinc octoate failed on thermal-shcck cycling and formed
long cracks on cooling after being heated to temperatures in
excess of 300°F. When these same formulations were cross-linked
with tetrabutoxy titanium (TBT) , they cured in L hour at 300°F
to a tough. equally hard glossy tiim which withstood exposure
to 500°F and ten or more therma.i shock cyc.es Exposure to
500°F for 1 hour or more improved their hardness but changed
the surfaces from glossy tc semiglossy .

The methyl silicones derived from silicon esters required
higher baking temperatures to cure compared w.th those derived
from si1licon chlorides at the same Me/S: Pa.nts based o
the resins derived fiom silicon esteis appeareéd to "haze" at
the curing temperatures. In addition. they were highly porous
and soft but brittle coatings which ctfered no physical
advantages over the coatings based c¢n chiorosilane derived
resins.

With the exception of S-3. which was catalyzed with
tetrabutoxy titanium. alt the silicone paints studled had
adequate shelf lives. The main probtlem encountered was pigment
settling. which occurred rapidly in the methyi resin coatings,
No difficulties were experlenced in redispersing the pigment
in these coatings however The film properties and curing
conditicns of all the siiicone paints are presented 1n Table 19

Paints S-1. S-2. S-i4, and S-17 were formuiated for
purposes of comparison with the methylL sillicones (See Table 17).
They all are phenyl-methyl silicones and therefore require
curing at 400°F or higher  S-14 was formulated a® a substrate
for zinc oxide-pigmented methyl silicones and 1s discussed
in a later section S.17 was tormuiated for the Round Robin
Testing Program and was designated as TC-50-19 for that program.

{17 RESEARCRH INSTITUTE
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Table 19

CUKING CONDITIONS AND FILM PROPEKTIES
OF THE SILICONE PAINTS

Paint

_Bo. Cure Film Properties

S-] 4 hr at room temp. Film integrity, appearance, and adhesion

+ 1 hr at 400°F excellent.  Good gloss.
S-2 4 hr at room temp. chellntegrity, appearance, and adhesion
+ 1 hr at 400°F xcellent. Good closs.

3-3 16 hr at room temp. Film hard and brittle. Appearance and
¢loss cood. Cracked off on heating to
300°F.,

S5-4 4 hr at room temp. Film integrity and adhesion good,

+ 1 hr at 330 F Checked on heating to 360°F for 1 hr.
Semiglossy.

5-5 4 hr at room temp. Film inte¢rity and adhesion good.

+ 1 hr at 330°F Checked severely on heating to 360vF,

S-6 12 hr at room temp. Adhesion poor. HNot thoroughly cured.

+ 2 wk at 360°F Good ¢loss.

5-7 16 hr at room temp. Very slight tackiness. Cured on heating
to 150°F; cured after 48 hr at room
temp. Resilient, excellent gloss.
Required primer.

s-8 4 hr at room temp. Film integrity and adhesion good. Flat.

+16 hr at 300:F kequired temp. above 300°F to cure in
less than 16 hr,

5-9 4 hr at room temp. Did not cure until baked 2 hr at 400"F

+18 hr at 300°'F {in addition to 18 hr at 300°F).
Checked severely.
5-10 4 hr at room temp, Film Integrity and adhesion good,
+ 2 hr at 450 F Flat.
S5-11 4 hr at room temp. Film integrity and adhesion good to
+ 24 hr at 260 °F excellent. Flat. Vitreous-1like.

S5-12 18 hr at room temp. Resxlicnt, high-gloss film with good
adhesion when primed.

S-13 13 hr at room temp., Rcslll?ht, high-gloss film with good
adhesion when primed,

5-14 4 hr at rooum temp. Filn integraity, appearance, and adhesion

+16 hr at 300 F excellunt. Excellent gloss.

5-15 4 hr at room temp. Hard, porous surface with good adhesion.

+ 3 hr at 300'r
S-15 4 hr at room tenmp. Hard, brittle, porous coating showirag

+40 hr at 300°F some niacrocracks on cooling.  Good
adhesion,
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S-15 4 hr at
+15 hr at
S-16 4 hr at
+40 hr at
S-17 4 nr at
+ 1 hr at
5-18 4 hr at
+ 2 hr at
S-19 4 hr at
+ 3 hr at
5-20 4 hr at
+ 2 hr at
5-21 4 h: at
+ 3 hr at
S-~22 4 hr at
+ 1 hr at
3-23 4 hr at
+ 1/2 hr
S-24 4 hr at
+ 1/4 hr
S-25 1o hr at
+ 1 hr at
S 26 16 hro ot
5-27 hr at
5-28 16 hr at
5-29 24 hy at
+18 hr at
5-30 16 hr at
+18 hr at
S-31 16 hr at
+ 1 hr ot
+ hr at
5-32 1o hr at
S-33 4 hr at
+ 1 hr at

ro- e temp.
300 F

LOOM temp.
300 F

oot telap.
300 ¥

room teinp.
300 F

room temp.
SU0 b

room ternp.
300+
Loom temp.

300 F

room temp.
300 F

room temp.

at 300 F

room temp.

at 300 °'F

1oor. tenp.
st

WM tetup.

room temp.

roon Ltaemp.

room teonp.
250 ¢

roon t(-ml_;_
sGU F
250
oot temp.

roon tegg,
s

Farled ("poppea off") on cooling.

tiard, nonglossy surface showing goud
adhesion and appearance.

Film intecrity, appearance, and adhe sion
cood.

Film intecrity, appeatance, and adhesion
very good. Toucgh and hard.

Film intecrit appear ance, and adhesion
] Yy app
goud.  semiglog.y. lard.  pPorous,

ilard, porous surface showing good
adhesion aad appearance. Showed small
edoe cracks after scveral hr at 300°F.

Film 1ntecrity, appearance, and adhesion

ood. Hard. borous.

Hard, brittle film with good adhesion.
Semlglossy .

Hard, brittle coating with good adhesion.
Senitc losgy. sSomewhat porous.

Hard, bLrittle coating with good adhesion.
Semiclossy.  Somewhat. porous.

Hard, could not be scratched with finger-
nail. Withstood 1 hr at 500°F. Glossy.

Crumbly surface. Foor adhesion even when
primed.  wifticult Lo sprey-apply.

Difficult to spray-apply. Soft,
semiglossy surface. Good adhesion when
primed. hkeslilient.

Soft, somewhat tacky. Glossy, with fair
adhesion,

Hard, «losty costing which resisted
scratohing.  Good aghesion.  Withstood
1 hr at %00 F.

Hard, Lrittie, glossy film with good
aubicsion,

Hard, brittle, wlossy fi1lm with cood
atheston.,  wWithstooa 1 hr at 500 F.
sort, resilient frlic with excellent
Gloss ahe cood adbesion when primed.

o, bt rle, alossy f1lr. with good
adhestion, Wit hatood Lohe at S00F.
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2. Thermal Shock

The thermal-shock test was the same as that used for the
inorganic coatings All coatings listed in Tables 17 and 19
except S-5. S-6 S-9 S-14. S-17, S-28, S-30, and S-32 were
tested. The phenyl-methyl palnts S-1 and S-2 and the paint
S-18, based on General Electric’s SR-80, flaked and cracked
on the first cycle, 5S5-20 showed small cracks along the
specimen s edge after 10 thermal-shock cycles The remainder
of the coatings. all 100% methyl silicone paints, withstood
10 cycles of 200 to -320 to 200°F, '

3. Torsion

The results of torsion tests on six silicone paints are
presented in Table 20. Paint 3-1, the zinc sulfide-806A
phenyl silicone paint, failed the 90° torsion tests, while
S-2, the zinc oxide-R-621 phenyl silicone paint, was stressed
90° without failure, Of significance is the fact that S-4
exhibited poorer twist resistance than S-8. S-4 contains a
polymer with an Me/Si of 1.29. whereas S-8 contains a
polymer with an Me/Si of 1.46. The PVC of both paints was
25%. and the resins were both synthesized from appropriate
mixtures of chlorosilanes. The Me/Si of the polymers used
in paints S-19. S-29 S-31, and S-33 was 1.38.

The torsional stress resistance of several other organic
coatings is Ppresented in Table 21 for purposes of comparison.

4. _Abrasion

Three methyl silicone paints were applied to 4- x 4-inch
panels for abrasion resistance tests with the Taber Abraser.
Each sample received 100 revolutions at forces of either
125 or 500 G. As expected. the abrasion resistance of the
methyl silicones (Table 22) was not as good as that of the
inorganic paints. Although the loss 1n weight of paint
S-7 was of the same order of magnitude as that of the
inorganic paints, the loss was due less to hardness than
to resiliency.

IlIT RESEARCH INSTITUTE
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Table 20

TORSIONAL STRESS RESISTANCE OF SILICONE PAINTS

Thickness,
Paint No. Cure mils Results of 90° Stress
S-1 Air-dried for 24 hr 4 Subsurface cracked at 82°,
+ 16 hr at 300°¢F 5 Cracked at 18¢,
+ 2 hr at 400°F 3 Cracked at 789°,
S-~2 Air-dried for 24 hr 4 No failure.
+ 16 hr at 300°F 4 No failure.
+ 2 hr at 400¢°F 4 No failure.
S-4 Air-dried for 24 hr 3 Cracked at grip at 52°,
+ 16 hr at 300°F 3 Cracked at grip at 47°,
cracked at 85¢°,
3 Cracked at grip at 65°,
S-7 Air-dried for 72 hr 4.5 No failure.
4.5 No failure,
4.5 No failure,
S-8 Air-dried for 4 hr 4 No failure.
+ 16 hr at 300°F 4 No failure.
. 4 No failure.
S-10 Air-dried for 4 hr 3+ No failure.
+ 2 hr at 45Q¢°F 3+ No failure.
3+ No failure,
3+ No failure.
S-19 Air-dried for 4 hr 3+ No failure.
+ 2 hr at 300°F
S-29 Air-dried for 4 hr 3+ No failure.
+ 3 hr at 300°F 3+ No failure.
S-31 Air-dried for 4 hr 34 No failure.
+ 3 hr at 300°F
S-33 Air-dried for 4 hr 3 No failure.
+ 1 hr at 300°F
S-33 Air-dried for 4 hr -3 No failure.

+ 1 hr at 300°F
+ 1 hr at 500¢°F

——
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Table 21

TORSIONAL STRESS RESISTANCE OF MISCELLANEOUS ORGANIC COATINGS

Results of 90° Stress

No failure after 120°.

Subsurface cracked at 42°. No
separation from aluminum sub-
strate after 9Q°,

. Thickness,
Composition mils
B-V A29550 2
acrylic-phenolic
Leonite 20l1s 4
Leonite 201s 5

and SP 500 2ZnO

Butylated urea- 7
formaldehyde
and Epon 1007

Marietta 6301 3

€poxy enamel

Silicone 806A 4
and SP 500 znO

Subsurface cracked at 75°. No
separation from aluminum sub-
strate after 90°,

Subsurface cracked at 70°. No
separation from aluminum sub-
strate after 90°,

Subsurface cracked at 62°. No
separation from aluminum sub-
strate after 90°,

Subsurface cracked at 24°, Sur-
face cracked at 42°, Separation
from aluminum substrate at 52°.

Table 22

ABRASION RESISTANCE OF SILICONE PAINTS

Paint No.

3-7

S-8

S-10

Weight Loss, g

At 125 G At 500 G_
0.0098 0.0915
0.0532
0.0929 0.2224
0.0790
0.0661
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5. Film Strength of LTV-602 FPaints

The film strength of the LTV-602 paints was determined
on free, detached films of three paints, 3-7, S-12, and 5-13,
pigmented at 20, 25, and 30% PVC. They were prepared by
pouring portions of the catalyzed paint on a clean flat
surface. The paint was allowed to cure for 48 hours, was
stripped, and then was aged for 16 hours at 150°F. Tensile
test specimens were prepared and were stressed on an Instron
tensile testing machine. The data are presented in Table 23.
Each value represents an average of four tests. The tensile
strength increased and the elongation decreased with increasing
PBR. Little difference in tensilie strength due to increasing
the PVC from 25 to 30% was observed, although this increase
in FVC caused a significant decreasc in elongation. An
LTV~-602 paint with a 40% FPVC exhibited such poor cohesive
strength that it was not tested.

Table 23

TENSILE STRENGTH AND ELONGATION
OF LTV-602 PAINTS

: Average
PVvC, Average Tenailé Elongation,
Coating % Strength, psi AL, in,
53-17 20 313 3.42
5-12 25 412 3.56
3-13 30 415 2.80

E, Determination of Optical Properties

The effectas of film thickness and PVC on the optical
properties of several elastomeric painta are presented in
Figures 34 and 35. The total normal emittance values
(at 200°F) of 3-7 and $-12 are presented in close proximity
to the points on the graphs. The data confirm that thick
coatings of appreximately 10 mils are required to optimize
reflectance and to avold the necessity for thickness control.
The effect ot PVC on msolar absorptance was pronounced only at
lower film thickness, except for paint 3-26, which was pigmented
at 40% PVC, Little difference in solar absorptance was observed
when paints S-7, $-12, 8-13, and S-27 were applied at a film
thickneass of about 10 mils. On the other hand, considerably
thinner coatinga appeared to optimize emittance.
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In the infrared emitting region the paint is essentially
an absorber; whereas in the regicn of the solar spectrum the
paint is a mixture of two nonabsorbing, transparent materials,
the silicone vehicle and the zinc oxide. Except for the ultra-
violet region, where zinc oxide 1s a strong absorber, opacity
and solar reflectance are achieved by scattering mechanisms.
The strong dependency of solar absorptance on thickness, even
for relatively thick films, is emphasized by the facts that
(1) zinc oxide possesses a low refractive index compared with
such pigments as rutile titanium dioxide and zinc sulfide and
(2) its concentration 1n the paints is low.

Paint 5-26 was pigmented at 40% PVC and possessed an
exceptionally low solar absorptance of 0.16 at a thickness
of only 7.5 mils. The low absorptance may be attributable to
the fact that 40% represents a concentration equal to or
greater than the critical PVC. Thus the coating possessed
many pigment particles with an air interface and consequently
had a higher average refractive index ratio, which resulted in
greater scattering due to enhanced porosity throughout the
coating. As a consequence of the excessive pigment concentra-
tion, the film was powdery and fragile and lacked cohesive
strength sufficient to ensure its utility.

The effect of the film thickness cf S-33 on its solar
absorptance, total normal emittance 6 and the ratio of the
two is presented in Figure 36. This paint was based on the
molecularly distilled experimental resin R-9 with an Me/Si
of 1.38. It was pigmented with 3P 500 zinc oxide at 40% PVC.

Coatings 3-21 and S-19 were the same except that in S-21
Eagle-Picher s 414 zinc oxide was substituted for half the
amount of SP 500 zinc oxide required for 35% PVC, The mean
particle size of 414 pigment is 1.0 p whereas that of SP 500
is 0.30 p. The influence of the larger particle size was
manifested in the u, and a, of the unirradiated S-21 film
(see Figure 37). Tﬁe larger size more effectively scattered
the long-wavelength light, resulting in a; and djp of 0.135
and 0.093, respectively, compared with Oci20 and 0.099 in
S-19. The larger oy of both coatings compared with ap is due
principally to the characteristic absorption of zinc oxide
for ultraviolet light at wavelengths below 4000 A.
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F. Stability to a Simulated Space Environment

1. Preliminary_ 3Studies

The results of the inicial space-simulation tests on
several silicone coatings are given 1in Table 24. Coatings S-1
through 5-5 were 1irradiated 1in the oil-diffusion-pumped
system (Test E); 5-7. 3-3 and 5-10 were irradiated in the
ion-pumped system (Test 1) The two methyl-phenyl silicone
paints, 3-1 and S-2. exhibited sever~ degradation, as evidenced
by the loss in reflectance at 440-my wavelength. Both 5-7
and 3-8 showed some loss 1in reflectance at 440-mp wavelength.
These losses appear aimost as large as those observed in S-2,
but the ultraviolet 1intensity was greater and the total
exposure was increased 50% Four methyl silicone paints,

S—3, 3-4. 5-5. and 3-10 exhibited reflectance changes of

1% or less with severai of the changes representing increases.
The increases are considered to be a result of experimental
errors such as viewing different measuring positions on the
sample before and after exposure

Although ,coatings 3-3 and s-5 possessed exceptional
stability to ultraviclet irraa.iation in vacuum, their poor
physical properties in comparison with those of 3-7, 3-8,
and S-10 precluded their furcther consideration They were
more difficult to apply . they weie prittle and thty checned at
moderate temperatures. 3Subsequent work was therefore confined
to the LTV-602 and expeslimentai metny: silicone resins.

The effect of varying the Me/Si of methyl si1licone resins
from 1.29 to 1.46 . presented in Tabte 25. Zxamination of
the reflectance ana scla: absorptance changes at various
exposures shows thiat 78 palnts pasca on resins with lower
Me/31 were SUper il

The smali cbhany coin. oL cvtance of 3-4. however,
1s belied by the ‘L, ease .o oeflectance at 440-mp
wavelengih ™ & . the vis.bie was counterbalanced

by an anomzious indleasc 1n Le iectance i che near-infrared
solar region as showy 1n buis: 22 Whi.e the anomaly cannot
be explained at th.s time LT 28 _Atelestilng to compare coating
3_4 with the Inciganic paint 4 (see Figure 29). Resin R-1,
the vehicle in 3-4. has the 10west Me /351, and possesses a
structure which 15 noie aike that of the slkalil silicates than

any of the olher &xparifentil (E8IinS Furthermore, 5-4, like
2n2  showeri an increase in near-intrared refliectance on exposure
to ultraviclet rairacion in vaoaun 2.1 was eliminated from

further consideration  NOwevVel necanse of 1ts i1nherent
brittleness and failu e wicn 1oL%100allY stressed to 90°.
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Table 25

EFFECT OF UV IRRADIATION IN VACUUM ON OPTICAL PROPERTIES
OF SILICONE PAINTS AS A FUNCTION OF. e 51

(PVC = 25%)

Solar
..yposure Absorn-
Faint Comnositinn 3olar Refliectance tance,
No. Binder l.e’3i E3H Factor 440 mp 600 my a
S-4 R-1 1.29 0 79.0 81.5
300 3 79.5 2CL5
0 83.0 85.5 .26
1460 Y 71.0 81.5 .27
S-1" R-7 1.33 0 80.5 88.5 .26
615 9 78.0 37.0 .27
0 81.5 88.5 .27
1600 11 78.5 '86.0 .27
5-11 R-5 1.38 0 36.5 91.0 .23
146C ~ 9 82.5 88.5 .25
S-S R-2 1.46 0 80.5 92.0
450 10 76.0 91.5
0 85.5 94.0 .20
1460 9 82.0 51.0 .23
105 IITRI-C207-25
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Like paint 3-4. coating 5-16 degraded in the visible
region but showed no solar absorptance change because 1t
increased 1n near-1infrared reflectance The spectral
reflectance curves of 3-16 are presented in Figuie 29

The effects cf exposure to 1460 Z3H on the retlectance
cf cocatings 3-11 and 3-8 are presented :irn Tabie 25 and Figures
40 and 41 5-11 was based on a resin with an Me/3S1 of 1| 38,
while 3-3 was pased on resin R-2. with an bte/51 ot 1 46,
There was little di1fference in the reflectance losses
exhirited by the twoe paints as shown 1n Table 25 However .
examination of the refiectance curves presented 1in Figures
40 and 41 expiairs the 0 03 increase in the solar absorptance
ot 3-3 compared with O 02 for 3-11.

Thus, 1t can he seen that the selection of resin R-5
rather tharn R-7 tor further evaluation and for use as a
stock polymer for molecular distillation studies was somewhat
arbitrary The decision was based on the suppos.ition that
an increase 1n <ross-linking and molecurar weirght probably
accompan.as moie:ulax distillation 3uch an i1ncrease coupled
with the fact that the R-7 stock resin was poiymerized from
2 higher rati1o of metnvl trichlorosiiane to dimechyl 7 -
chiorosilane (see Tapbie 18) would produce stiii nore brxttle,
Tlassy resinse, Tt will be remembered that stnall cracks appeared

in coatiny 3-20 (pbaser’ on R-7) when thermaiiyv shocked
:43 -

1

In summary . coatings tormulaced from cesins v 00 3w
g of 1 23 ¢r 1 38 shcecwed the besct overall
Formatated from resins with a lower e /51
sisrance Lo a simuiated space environ-
and were subjlect te torsi
~ET
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onai failure
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ce to ultraviciet ca itbion in vacuum
7 temperatures . A anomalous lncrease
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orher hani 53 based on resins
1 haﬁ LOCL e
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and requ:irsd higher
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in reflecrance owr wrra ion was noted £ a paint based on a
resin with an Me/5¢ of 29 The anomaly occurreda wn the
near-infrared recion of the spectrum and ccunterpalanced a
refiectance deciease 1n the visibie reguiun with the net result
that l:itvie chonge 1 sclar absorptance occuls €d This
phenomencn cannot e ¢xHlained and was noted .n several zinc
Ooxide-plgmented vctassium sillcate paints Also

o
f]

-

3___Faints Based on Resins of Intermediate :e/Si

The effects of ultraviolet irradiation liv vacuum on
zinc oxide paints containing resins R-7 and i -5 with Me/Si
of 1.33 and 1.33 are presented in Table 26. The remarkable
stabllity exhibltéess by these paints can be seen bv the small
charges in absorptance after exposure to over 1300 E£3H.
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Included i1n Table 26 are the changes in solar absorptance
for S-21, which was formulated identically to S-19 except that
half the SP 500 zinc oxide was replaced with Eagle-Picher's 414
zinc oxide. A change of 0.005 occurred after exposure to
660 ESH This test was the only one in the silicone series
which used a zinc oxide other than SP 500. The results
confirm the earlier findings in the work on the inorganic
coatings., namely, that zinc oxide pigments are the most stable
class of pigments

The spectral reflectance of S-19 before and after
exposure to both 1200 and 1800 ESH is shown in Figure 42.

4. LTV-602 Paints_and Effect of PVC

Paints were formulated from General Electric®s LTV-602
polymer at 20, 25, 30, 35, and 40% PVC in order to determine
the effect of pigment concentration on stability to a simulated
space environment Experimental resin k-5 was also pigmented
at different PVCs The results of exposure to a simulated
space environment are presented in Table 27 The data for the
LTV-602 paints show the dependence of stability on PVC.

Coating S-7 at 20% PVC showed an increase i1n solar absorptance
of 0 040 compared with 0 030-0 038 for S-13 at 30% PVC and
only 0.012 for S-26 at 40% PVC Similarly. coating S-19 at

35% PVC exhibited a comparatively smaller increase in solar
absorptance than either S-11 or S-15 at 25 and 30% PVC,
respectively

The data on LTV-602 in Table 27 are plotted in Figure 43
to show the inverse relation of solarization to PVC. The
dependence of stability on PVC 1s more easily discerned in
less stable systems. such as those based on zinc sulfide- or
rutile-pigmented methyl-phenyl silicones.ll The zinc oxide-
methyl silicone and the zinc oxide-silicate systems are, by
virtue of their stability. more susceptible to differences
caused by soi1ling measurement errors, etc. The spectral
reflectance curves of the LTV-602 paints at different PVCs
are given before and after exposure 1n Figures 44 through 48.

In summiary. the stability of the zinc oxide-methyl silicone
paints is directly proportional to the PVC. This correlation
1s less well defired in highly stable systems which are
susceptible to soilipg measurement., or simulation discrepancies.
LTV-602-based paints. while stable, are more susceptible to
damage by ultraviolet i1rradiation in vacuum than are paints based
on the experimental resins of lower Me/S1i .

llzerlautk G A , “Pigment-Binder kelationships in Ultraviolet
Irradiated Paints 1in Vacuum, " Preprints, Division of Organic
Coatings and Plastics Chemistry, 40th National Meeting American

Chemical Society. Chicago, Sept 196l1.
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of _3oiling and Cleaning

The effects of various treatments on the ultraviolet
stability of three methyl silicone paints are presented in
Table 28, Soiling .as accomplished by "rubbing” Duo Seal
vacuum-pump o1l 1into the surface The surfaces were then
cleaned with either acetone-moistened tacial tissue or lathered
Lava soap. followed by copious amounts of tap water and a
72-hour perio.. of air-drylng. Several specimens of 3-7 were
treated by heating in a forced-air oven for 3 hours at 400°F.

A specimen of 7 and one of 53-8 were thermally shocked

S5-
for 10 cycies at 200 to -200°F in about 3 minutes.

Qi 2 el

hd

Soirling and cleaning had little effect on reflectance or
ultraviolet stability. The only exception was S-7. which
showed a 6.0% Loss in reflectance at 440 mu after soiling.
This loss might be attributable in part to the affinity of
the elastomeric methyl silicone paint for dirt. Because
of this natural soiling problem and the length of time
between preparation and exposure 1t was necessary to clean
the 3-7 specimers before their initial reflectances were
measured. This problem was considerably less acute with
LTV-602 paint S5-13 pigmented at 30% PVC. and was nonexistent
with 5-27 and $-26 pigmented at PVCs of 35 and 40%,
respectively Coatings S-4 and S-8 which contained methyl
silicone resins rather than the elastomeric LTV-602, did not
require washing prior to irradiation except for the deliberately
soi1led specimens. The effect of thermal shocking on stability
could not be ascertained from the data

The results of subsequent space simulation tests emphasized
the unde:lrability of using acetone as a cleansing agent for
space-stable coat.ings On several occasions the edges or
corners of specimens were 1N Vil Lunt iy o® = 1 sebum from
fingerprints and were deliberately washed with acetone. Any
photo ysis which occurred was confined to the outermost edges
and corners outs:ide the reflectometer s field of view. Areas
"eleaned" with acctone were inconsistently degraded. whereas
those soiled with fingerprints were always photolyzed. As a
result of these exper.ments the only method of cleansing used
thereafter consisted ot washing with detergent and copious
quantities of warec

6 _Paipts Based on Distilled Resins

Tt was LIEVIOUs.Yy ReLet thait zZIind Gxicie paints based on
unviretlijed methyvi resins (e g R.5) undergo optical flattening
and an increase wn porog. .ty upon curing Zven though this
process may invoive thermal erosion on the surtace of the
cryanle port:un CL e resin  the curec films were very stable
tO the simu,aten cpece envizonment (32 Table 76) . but their

s17 RESEARCH INSTITUTE
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“nd

porosity and their 300°F curing requirement provide no
advantages over the porous potassium silicate paints. It

was this porosity and the resultant susceptibility to soiling
which prompted mclecular distillation experiments with resin
R-5 These exper.iments were aimed at tne pioduccion of
higher-molecular:weight resins 1in the hope that paints based
on them would produce glossy more soill-resistant and easily
cleanabie ccatings

The effects of ultraviclet irradiation in vacuum on the
paints based cn muleculariy distilled res.ns are presented 1in
Tabie 29 Faint 3-22 prepared ficm the higher-beciling
fraction ot R-5 degraded the most severely of all coatings
in this group It is suspected that this degradation was due
1in part to the use ot zinc octoate cataiyst (3ilicure 2-775).
since pa.nt 3-25 which did not degrade as severeiy was
tormulated from the same resin but was cured with tetrabutoXy
titanium Addit:onal evidence that zinc cctcate might be
detrimental to stability was v:rovia..i by the results of
irradiation of 3-23 (cured with tetrabutoxy titanium) 1n
comparison with irrad:iation of S-24 (cure with 2-775).
EFaints 3-23 and 3-24 were prepared from the iower-boiling
fraction of R-5 This traction was redistilied and designated
R-5B These paints optically flattened and became somewhat
porous similar:y to palnts formulated frcm the parent resin,
R-5

Faints 3-29 and S-31 both showed good stability and
remained cright and giosoy during the tesis Thesze paints
have the appearance of ":eirigerator enand i’ and are excep-
ticnally scil-resistant The etfect of cure on the stability
ot 3-31 is shown in Tabie 26 The speciinen which was heated
for I hour at 500 F in additicn to the stvandatd .-hour cure
at 300°F underwent Lestc than a third the degsadation experi-

—

. e

enced cy the untreated (ncnheated) specl.anen Atter an exposure

to L1780 E3H the ubheatea spec.men underwent an 0 020 increase
in solar absc:ptence whi.€ the specimen reatea to 500°F
uniderwent an inc:ease of onity 0 006 The refr.ectance curves
for these two pu.nts are presented in Figures 49 and 50

In summary pasnts tormulated trom methy: silicone
polymers upgladed by moiecular distiilat.on possess excellent
gloss. scii res.stance  and cleanabilaty Tnese resins
based on a stuck puiyuer with an Me/3. ot 1 38 possess
gtabill.ties intermediate between paints based un the stock
R-5 resin and those based upon the olastemersc LTV-602
pulymer

11 RESEARCH INSTITUTE
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1. _Miscelianeous Ziiicone Pagnts

The results cf exposure of severai misceijaneous silicone
paints are presented in Tabie 10 laint 3-37 was formulated
from Dow Corning s 808 mechyt-phenyi res.n pigmented with
Titanox RA-NCT a noncha.king rutiie t.tarn.um dioxide. This
paint was ftormuiated ror the Round Robin Testing Program and
is 1included here for purposes ot comparison

5-18 and S-30 were based on Senera, Ziectric s SR-80

and 81932 resins respaectively SR-30 was reported to be a
purely methyl silicone resin containling Zinc octoate catalyst.

) R PR

Unlike the other methyl s.iiicone res.ns swudied. however, the

z1nc oxide paint (3-i8) made trom 3R-3C degiraded severely after
exposutre to only 1600 .30 It incieasea 40% 1n solar absorptance.
These disAappoint.ng results were attrihuted to the zinc octoate
catalyst sc 81932 resitt was thon optained The 81932 resin

was reported Lo be Ldentacal to 3R-80 excepr tnat i1t did not
contaln zZinc OCtOAte CarAlyst P'aint 5-30 was formulated from
the 81932 res.n ana was sudseouent.y [ount to degrade even

more severely than 5-13 _noeressing 54% :n solar apsorptance

after only 1600 E3h Thereliaie we conciudea that the resins
were not purely nethyl sii.Cones inTrared Lransmission

analyses of rhese (es.ps . d ner show ty»ocal rethyi-phenyl
structure nor a.4 thelr H0%0eptlon srectca match polydimethyl-
siloxane spectra The ansor puion specuia of SR-80 and 81932

are i1denticai and nave not yet been .nterpreced

Coatings 5-28 anm o 42 were 1o, .nwLaaten for the purpose
of determining tne deuree o1 stapii.ty 0f rutile paints, The
results of exposuie (O Litiavio.et in vacuum showed the
necessity for pignent .ver . oie combinat.ons rozmulated from
materiais which e separateay stable Figures 51 and 52
show the retiectance (nanges ol 1 AeSe Two PALNTS

S-32 was pigmenten w.th Du PFonrt s aew 1. Pure R-900-1.
The exceptionai :€r.€C ance Tropert.es T th.s paint are
manifested n the - ana 5 of onwy G 099 ana 0 080, respectively.
Unfortunately pa.nts pDrepazed rrom R-99)-1 do not offer any
other advantage cve:r tnovse p.gmentea w..n a standard rutile,
since S-32 increased 67% in solar absorprance after only
1650 ESH 5-32 was periodicaily examined visually through
the quartz window dur.ng the space-simuiation test and did
not appear severely degratied untii arte: 1000 £3H after
which 1t began to appea:r gray compared with the adjacent,

white zinc oxide paints Figure 52 indicates the graying
by the flat reflecctance curve of the degradea specimen over
a l.2-p spread. In contrast  the standacd rutile 'paints did

not gray but yellowed as evidenced Dy a severe decrease in
reflectance 1n the blue region around 440-m. wavelength.

11T RESEARCH INSTITUTE
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Paints ZW-60 and 2ZNO-40 were furnished by the Jet
Propulsion Laboratory  2W-60 was pigmented with zinc sulfide
at 60% PVC, a value which probably exceeds the critical PVC.

Z40-40 was pigmented with SP 50l zinc oxide at 40% PVC. Both
paints were based upon Dow Cor.iiag s 808 methyl-phenyl silicone
resin . The results of exposure to 1250 ESH show that zinc
sulfide was less effective than zinc oxide but superior to
rutile in protecting the vehicle from ultraviolet radiation
(compare results for S-17 in Table 30) T?ls was not surpris-
ing in licht of work reported previously. The 0.06 (27%)
increase in the solar absorptance of 2H0-40 again emphasizes
the difference between phenyl-containing and purely methyl
silicone vehicles. The reflectance curves of ZW-60 and ZNO-40
are presented in Figures 53 and 54, respectively.

Coating Q-9-0106 was formulated by Dow Corning Corporation
at our request Dow Corning's Q-9-0106, Q-9-0107, and Q-9-0108
are all based on a prOprletary methyl olllcone RTV elastomer and
are pigmented with SP 500 zinc oxide., rutile titanium dioxide,
and zinc sulfide, respectively  All three coatings air- dried
overnight to adherent soft, resilient films. The large
increase in the solar absorptance of Q-9-0108 was attributed
in part to the low PVC The change in solar absorptance of
Q-9-0107 agreed closely with that of S-28, also a rutile-
pigmented methyl elastomer Q-9-0106 compared favorably with
S-13 1n resistance to degradation, although S-13 was tougher
and less easily scratched or gouced However Q-9-0106 appeared
to possess less affinity for dirt than -13 .

The reflectance changes of the three Q-series paints are
presented in Figures 5,5, 56, 57  The reflectance increase in
the near-infrared whicn occurs in zinc sulfide-pigmented paints
was less prouounced in Q-9-0108 (Ficure 57) than in ZW-60
(Figure 53). Tgis phenomenon has also been reported by
Cowling et al '

8___4170-ESH Test (No_ _23)

The results of exposure of four zinc oxide-pigmented
methyl silicone paints to 4170 ESH of ultraviolet radiation
in vacuum are presented in Table 31 This was the longest
exposure to a simulated space environment of the entire program
and amounts to nearly a half year of 100% normal sunlight.

‘éfowllng J E et al , "The Design of Organid Coatings For
Use 1n the 3pace Environment." Proceedings Coatings for

the Aerospace Environment keport WADD-TR-60-733 Nov 9-10,
1960 :
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Paint S-13 increased 0.058 (18%) in solar absorptance.
Coating S-31 increased 12% in solar absorptance, from 0.282
to 0.316, due to degradation. This specimen was applied in
a thinner coat than usual, which probably accounts for the
unusually high initial solar absorptance.

Paint S-33 was formulated from experimental resin
R-9, which was synthesized just prior to Test 23, The
4170-ESH exposure is the only test to which coating S-33
was subjected. The principal difference between R-9 and the
other upgraded resins was the pressure at which it was distilled:
0.004 mm Hg for R-9 and 0.04 mm Hg for the other resins. S-23
increased only 9% in solar absorptance.

The S-33 specimen which was heated to 500°F for 1 hour
showed the greatest stability to ultraviolet irradiation in
vacuum of all the organic and semiorganic paints studied.
The increase in solar absorptance of only 0.011, or 4.6%,
compares favorably with the best zinc oxide-pigmented
potassium silicate paint, which increased 0.008 in solar
absorptance in the same 4170-ESH exposure.

I1'T RESEARCH INSTITUTE
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IX. _DISCUSSION OF SPACE-SIMULATION EFFECTS

A. Testing Procedures

1. Radiation Intensity

The time-intensity reciprocity of the thermal-control
coatings of interest was studied. The effect of ultraviolet
intensity on the degradation of four potassium silicate paints
pigmented with zinc oxide is presented in Table 32. Correspond-
ing samples were: 269 and 270, 271 and 272, 273 and 274, and
Z75 and Z76  The uncalcined SP 500 pairs were each formulated
and prepared from the same batch at the same time. One-inch-
square samples of the calcined pairs were obtained by cutting
a l- x 3-inch painted panel. A significant increase in degra-
dation was apparent at the higher solar factor, indicating that
17 suns was an unrealistically harsh treatment. These results are
inconsistent with those for samples 262 264, and 265 listed in
Table 13; stability was good upon irradiation with 17.6 suns.

The effect of ultraviolet intensity on the degradation of
four methyl silicone coatings pigmented with zinc oxide and
prepared and cured alike 1s tabulated in Table 33.

Coating S-22 increased 36.5% in solar absorptance during
the lower-intensity test; however. it failed catastrophically
during the 17-sun test, S-22 was cured with zinc octoate
catalyst. The severe degradation which occurred in the
3180~ and 3350-E£SH tests were therefore not surprising in
light of the degradation observed in earlier tests (Table 29).

The solar absorptance of S-18 increased 69% during the
10.,7-sun test and 93% during the 17 .4-sun test, Similarly,
S-13 increased 32% in solar absorptance at 10.7 suns and 51%
at 17.4 suns. S-19 again exhibited exceptional resistance to
degradation; 1ts solar absorptance increased only 6% in the
lower-intensity test. However, like the other paints irradiated
in these tests, an increased effect occurred at the higher-
intensity exposure: S-19 increased 12% in solar absorptance at
17.4 suns.

The data in Tables 32 and 33 indicate that time-intensity
reciprocity 1s not valid between solar factors of 10.7 and 17.4
intensities for the coatings examined. The question of the
validity of photochemical reciprocity, however, was not answered,
because the observed increase in degradation may be due in whole
or in part to thermal effects or to a discrepancy in the measure-
ment of the solar factors at the two intensities. The choice of
10 suns as the factor for later experiments may not be valid
either, since no experiments were conducted at 1 solar intensity.
Nevertheless, accelerated tests are imperative for obtaining
data in a reasonable amount of time.
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2. oSXxposure Time

3o0lar absorptance chanées of three paints are plotted
against the logarithm of exposure (in £SH) in Figure 58. The
linear relationship between the absorptance change and the
logarithm of exposure obeys the cliisical Hurter-Driffield
equation for photgraphic materials.

A = 7 (log E - log i)

where A is the optical density;  is the slope (the "contrast"
in photography):; E is the exposure, or product of intensity

and time (in joulesl; and i is the inertia_(in joules). Hirt,
Schmitt, and Dutton 4 and 3chmitt and Hirtl® have discussed
this relation for unpi?mented and ultraviolet-absorber-contain-
ing films and Zerlautll for pigmented films.

The slope and the inertia (the exposure intercept) are a
measure of the stability of a system. Exceptionally stable
systems possess small slopes and large inertias. While the
theoretical basis for the validity of the Hurter-Driffield
relation is not well understood even for photographic materials,
the relation is probably valid in part at least due to the facts
that (1) the films act as filters for ultraviolet, with specific
extinction coefficients, and (2) photolyzed materials generally
absorb ultraviolet more strongly, with the result that the
short-wavelength absorption edge shif}i to longer and longer
wavelengths. For example, Hirt et al photolyzed a polyester
resin and examined the penetration of yellowing. They analyzed
a section of the photolyzed film with a densitometer and found
that the optical density at 4358-A wavelength varied inversely
with the logarithm of the distance from the exposed surface,
as would be predicted from Beer's law.

The usefulness of the Hurter-Driffield relation is that
it may permit extrapolation of the curves in order to determine
the most extensive damage at long exposures. DMore work needs
to be done on such extrapolation of data. As shown in Figure 58,
the long-term behavior of the less stable LTV-602-based paint,
3-13, is more easily predicted by extrapolation than the behavior
of more stable paints —- especially 3-19, which is one of the

3
1 Mees, C. E. K., "The Theory of the FPhotographic Frocess,"

MacMillan, New York, 1946.

14Hirt, R. C., 3chmitt, R. G., and Dutton, W. C., Journal of
Solar Energy, Vol. 3, No. 2, p. 19, 1959.

15Schmitt, R. G. and Hirt, R. C., Report WADD-TR-60-704,
Feb. 1961.
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most stable coatings studied. The scatter in the data for
3-19 precluded the drawing of a line through the points. As
discussed earlier. the effects of contamination are more
readily apparent in stable systems and are obscured in
degradable systems. where their effects are less important.
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Figure 58

EFFZICT OF UV IRRADIATION IN VACUUM
ON SOLAR ABSORPTANCE OF 3&ViRAL SILICONEZ PAINTS

3. Vacuum Level

The mechanisms associated with photolysis of methyl
silicone polymers and alkali silicates are not understood.
Fhotodecomposition of a molecule in a vacuum is, in general,
unlike photodecomposition of the molecule in the presence of
oxygen. Oxygen is a diradical in the ground state and hence
1s a highly efficient scavenger of free radicals. Because the
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reaction with oxygen is irreversible, the possibility of chain
scission is much greater. In polycarbons, photooxidative
degradation is a chain reaction and therefore has a higher
quantum yield than would be expected in the absence of nvygen.

Although the vacuum in space is variously reported at lO"9
to 1015 mm Hg, we do not believe that the effect of higher
vacuum is significant in the study of degradation of nonmetallic
materials. The vapor pressure of typical polymers o molecular
weight of 100,000 has been calculated as perhaps 107 mm Hg,
so the principal effect of vacuum upon such materials is
simply the absence of oxygen. The oxygen pressure at which
a particular polymer first undergoes photoxidation as well
as photodecomposition probably varies with the nature of the
material. An order-of-magnitude calculation for a polycarbon
suggests that little oxidation will occur at 107~ mm Hg and
at the radiation intensities used in this work.

Assume a solar intensity of 13 milliwatts/cm? in the
wavelength range between 2000 and 4000 A. Assume 75% of this
energy 1is absorbed and that all of the absorbed radiation is
effective in breaking bonds. 3Since about 60 kcal/mole is
required to break C-C bonds (and form 2 moles of C radicals) ,
we can calculate the upper limit of radicals formed as:

10 milllwatts/cm2 = 2.5 x lO-3cal/cm2 sec
4 =2

6 x 10 _ 2.5 x10

1.2 x 1024 X

16 radicals/cm2 sec

X = 5 x10
In order to produce a similar number of collisions of O
with such a surface, the O, pressure would be approximately
2 x 10-4 mm Hg, according to the following calculation.

The number of collisions/cm2 sec = JE:E
6
where n = number of molecules/ml, and u = root-mean-square
velocity = 3 R T/M. Therefore,
7 :
5 x 101® - 0.230 n /Q3) (8.3 x 10°) (300)
, \ 32
12
n = 4 x10 molecules/ml

which corresponds to an O2 pressure of

15)‘(

(4 x 10 0.082) (300)

6 x 1023

P =

11T RESEARCH INSTITUTE

144 IITRI-C207-25



P = 2 x 107 atm 0, = 2x 10™% mm Hg, pressure of O,

At these radiation levels, the reacgion with O; might be
appreciable at total pressures above 1077 mm Hg. At higher
intensities, the O requirements will be proportionally greater.
In our equipment the intensity is from five to ten times greater
and the pressure about three orders of magnitude less, so the
probability of oxygen scission is negligible.

4. Bleaching

Table 34 presents the results of 450 ESH on three paints.
Reflectance was measured immediately after the coatings were
removed from the space-simulation chamber and again after they
had been stored for about 30 days at ambient laboratory conditions.
The data show that thereflectances of S-7 and S-8 returned to
approximately their original ' :Jues before irradiation. Paint
5-10 changed little in refl.. .nce, possibly because a temper-
ature of 450°F for 1 hour was required to cure the paint.

5-10 was formulated from resin R-4, which has an Me/Si of
1.46. R-4 was synthesized from a mixture of methyltriethoxy-
silane and dAimethyldiethoxysilane. Some surface thermal
Aegradation probably took place on curing, resulting in a
decrease in Me/3i. and, to conjecture, a matrix which was
more transparent (resistant) to ultraviolet resulted.

Table 34

CHANGES IN REFLECTANCE OF 3ILICONE PAINTS AFTER EXPOSURE
TO 450 £3H AND AFTER STORAGE AT AMBIENT CONDITIONS

.

Reflectance, %

Paint No. Treatment 440 mu 600 mu
3-7 Mone 87.5 92.6
450 E3H 82.5 90.5
30 days in lab 86.5 92.0
S-8 None 80.5 92.0
450 E3H 76.0 91.5
30 days in lab 84.0 92.0
S-10 None 77.0 87.5
450 1SH 77.0 87.0
30 days in lab 78.0 87.5
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The recovery. or bleaching reaction, of discolored paints
is demonstrated in Table 34, An explanation of this bleaching
phenomenon may be that a large portion of the yellowing of the
surface is due to trapped free radicals that are subsequently
destroyed by interaction with oxygen in a manner which is
analogous to photolysis in the presence of oxygen. The
bleaching 1s rate-controlled by the diffusion of oxygen into
the material. Experience has shown that the bleaching is
inhibited by refrigeration and exclusion of light, particularly
sunlight and light from fluorescent lamps.

The bleaching reaction was a problem only in the evaluation
of degradable systems, particularly when solar absorptance
increases were 0.10 or greater. Bleaching of zinc oxide-
pigmented methyl silicone and potassium silicate coatings
was not observed during the first hour or more after removal
from the vacuum chamber, Therefore the exposed samples were
kept in the dark until their reflectances were measured. The
visible reflectance was measured first, because bleaching
occurs in the vicinity of 440 mup. The visible reflectance of
the specimens was always measured within an hour after removal
from the ‘simulation chamber.

The AH-6 lamp 1n the ion-pumped chamber was often turned
off and the samples visually examined through the quartz window
at the completion of a sigulation test., while the vacuum was
still in the range of 10~/ torr K Without exception, the
zinc oxide-pigmented methyl silicone and potassium silicate
paints were white and undamaged, but the adjacent degradable
systems -- rutile- and zinc sulfide-pigmented methyl-phenyl
silicones, rutile-pigmented methyl silicones. rutile-pigmented
epoxies, and. perhaps most significantly, zinc oxide-pigmented
methyl-phenyl s1!icones —- vere yellowand severely discolored.

B. Photolysis Mechanisms

1. Pigment

Much has been learned about zinc oxide and other oxides
through studies of catalysis and photoconductivity, but rates
of separation of photolyzed metal and oxygen are not known.

It 1s conceivable that solar radiation might produce negligible
photolysis, even in the high vacuum of space,

To prevent undesired photolysis, the problem is essentially
the opposite of trying to make a good photoconductor or semi-
conductor . Light produces an excited state or nonequilibrium
condition which persists for a relatively long time in a photo-
conductor. During this time atoms in the lattice may diffuse
to more stable sites. For example, silver 1in silver bromide
diffuses toward segregated silver metal particles, which grow
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as photolysis proceeds., If the diffusion of the silver were
more restricted, the photolysis would be less efficient. A
zinc oxlde of high solar stability should therefore be a poor
photoconductor, and the diffusion rate of excess zinc (actually
interstitial 2n*) should be low

In the following dlscu551on zinc oxide is used as the
prime example because 1t has been studied more than any other
metal oxide. but the principles involved apply to magnesium
oxide, zirconium dioxide, titanium dioxide, and other oxides

sultable for nigments. A consistent plcture of zinc oxide
behavior has been worked out only in the past few years.

Collins, and Thomas'® have analyzed the behavior of zinc
oxide. It is normally an n-tvpe condu~tor, When its surface
absorbs oxygen. a negative surface layer composed of oxygen
ions forms and an electron depletion laver or space charge
develops below the surface. Diffusion of photolysis products
proceeds 1n this depleted layer. On the other hand, when the
surface is reduced with hydrogen or absorbs zinc atoms, a
conductive "enrichment" layer with a high concentration of
donors forms near the surface. An enrichment layer having
the same characteristics can be produced by photolysis. The
light produces hole-electron pairs which break up and diffuse
i1n the surface field. The holes discharge surface oxygen ions
and generate oxygen molecules which thern evaporate. Further
photolysis releases oxygen from the latiice and leaves excess
zinc. This zinc remains dissolved in the lattice, at least
in the early stages of photolysis, as interstitial zn* ions.
These ions are not stable in the presence of oxygen, and they
are concentrated in the centers of the crystals. The high
free-electron concentrations that are generated by light tend
to discharge 2Zn* ions and precipitate zinc metal, but other
factors may hinder this reaction. The rate of diffusion of
the Zn* is particularly important.

Past work on the photolysis of silver bromide is helpful
1n analyzing possibie mechanisms in pigments. Large single
crystals of oxides show less photolysis than powders subjected
to the same exposure. 1In silver halides the silver ions near
imperfections or surfaces are more vulnerable to reduction by
free electrons generated by light than silver i1ons at normal
lattice sites. These surface dr imperfection effects could
be important in the photolysis mechanisms of oxides. At one
surface. free oxygen may be generated; at another surface less
exposed to the light or more favorable for metal separation,
the free metal may separate. In other words. light generates

16c5111ns. R. J. and Thomas. D, G., Physical Review, Vol, 112,

p. 338, 1958,
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electric field and concentration gradients which are equalized
by the separation of the elements in the oxide. In fact, an
analogous argument can be advanced for the reason why quartz
windows are virtually unaffected by ultraviolet irradiation in
vacuum but powdered quartz (silica) is severely degraded. A
similar argument can be advanced for magnesium oxide windows
versus magnesium oxide powder.

In silver bromide the photolysis is sensitized by small
islands of silver sulfide, gold, or silver itself. These
islands trap electrons, which later reduce silver ions.
Trapping is important because it increases the lifetime of
chemically active excess carriers. When zinc oxide is made so
that small islands of zinc metal remain in the oxide crystals,
these crystals might be unusually sensitive to photolysis.
This sensitivity could mean that once photolysis produces
metal, further photolysis of the satellite coating might be
rapid and catastrophic. '

We studied methods of detecting small traces of excess
metal in oxides or other systems for the specific purpose
of evaluating pigments and photolysis mechanisms. The two
methods we found to be most applicable are described in
Section X on related investigations.

In pigment-vehicle systems the vehicle can be oxidized by
the oxygen that is generated by photolysis. Peroxide ions may
be involved, but the mechanism is the same. In silver bromide-
gelatin emulsions bromine attacks the gelatin or is removed
by developing chemicals. If the anionic element could be
kept from reacting with the vehicle or from diffusing out of
the paint, increased stability would result. Experimental
data on the diffusion of oxygen through organic membranes,
which are similar to the vehicles used in paints, show wide
variation. 1In space, such diffusion could be a limiting
factor in photolysis of a coating. If the oxygen in zinc
oxide paints 4id not escape but reacted instead with Zn* ions
or free zinc that was produced in the lower or back parts of
the coatings, the net result would be a conversion of light
into heat.

When zinc oxide crystals are exposed to zinc vapor at
elevated temperatures and cooled rapidly to room temperature,
they acquire a red or yellow color due_to "dissolved" excess
zinc. From conductivity data, Thomasl7 determined the
concentration of excess zinc in equilibrium with zinc metal
at temperatures of 450 to 700°C. Data from his plot of
solubility (in atoms of excess zinc per cubic centimeter of
the crystal) are recorded in Table 35.

17Thomas, D. G., The Journal of Physics and Chemistry of Solids,

Vol. 3, p. 229, 1957.
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Table 35

SOLUBILITY OF ZINC IN ZINC OXIDE FROM SATURATED VAPOR

Concentration
Temperature, of
°C Zinc Atoms
17
800 3 x 1077
600 6 X 1016
500 2 x 1016
400 5 x 1015
300 8 x 1014
162 1013
72 10ll

Photolysis by light in a vacuum can produce the same
excess zinc concentrations. When crystals which have been
exposed to zinc vapor are quenched, why does the zinc not
segregate? The diffusion coefficient for interstitial excess
zinc in the temperature range from 180 to 350°C is given by
Thomas as:

D = 2.7 x 107% exp (-0 55/k T)
where k T is in electron volts.
At 300°k, D= 7.3 x 10714, For a sphere of radius 107> cm

around a zinc metal particle, the concentration gradient might
be about 1022 atoms of interstitial zinc per cubic centimeter
per centimeter in photolyzed material. Such a gradient could
exist over a distance of 10-5 cm between yellow zinc oxide

and the surface of a segregated zinc particle. This condition
corresponds to a transfer rate of about 0.02 atom of excess
zinc per second to the zinc particle. A %inc particle of

100-A radius would require about 1.2 x 10° seconds, or 140 days,
to build up these conditions. In other words, if nucleation
started, darkening due to metal separation could develop over

a period of months at 300°K. This slow diffusion rate of
interstitial zinc may be responsible for the apparent stability
of quenched zinc oxide crystals that contain excess zinc.
However, the possibility of diffusion of oxygen should be
considered alsO. | ; pESEARCH INSTITUTE
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. Particularly significant is the effect of interstitial
zinc produced by vhotolysison the lifetime of excess carriers
generated by light., Although a hole has the same positive
charge as interstitial Zn* high polarization effects around
an interstitial Zn* may favor hole capture and recombination.
If this 1s the case. the stability of zinc oxide in light

may stem from this increased recombination after a certain
concentration of interstitial Zn* 1s produced by the light.

In magnesium oxide 2aluminumoxide, and zirconium oxide, which
are more easily photolyzed by light, interstitial cations

are not readily formed either because of the compact lattices
or because of the large size of the Zr* cation. This means
that magnesium aluminum and zirconium are not as soluble

1n their nxides as zinc is in zinc oxide. Since there are
ways of reducing excess carrier lifetime by adding impurities
different from the host cation, the addition of impurities

1s of i1nterest Such methods have been tried, but much work
remains to be done on correlation with the types and quantities
of i1impurities added

2. Binder

Since the predominant photochemical reactions in a high
vacuum are cross-linking and color center formation, large
changes 1in the physical properties of plastic structural
members will not occur in a vacuum, particularly in the
absence of any accompanying thermal effects. Thus, for
polymeric materials which do not undergo catastrophic
main-chain cleavage, the predominant physical changes will
be discoloration and surface embrittlement as a result of
cross-linking The cross-linking can be considered as self-
limiting, since the polymer material acts as a filter which
possesses a high extinction coefficient for ultraviolet,
particularly for the more damaging. shorter wavelengths.

Thus the primary concern in the utilization of pigmented
organic, semicrganic, and inorganic coatings for the purposes
of spacecraft thermai control is the prevention of color
center formation {1 e . coloration which increases the solar
absorptance) The secondary concern 1s the prevention of
erosion of the surface due to main-chain cleavage, side-chain
cleavage. or both

The aim of photochemical investigation is to determine
the mechanisms assoclated with the chemical change which
occurs when a substance absorbs ultraviolet light. The
reactions are compiex. and the actual change measured is
seldom that produced by the primary process of light absorption.
Theretore 1t is necessary to distinguish between the "primary"
effect of ultraviolet and the "secondary" thermal reactions
which follow. The frequent production of atoms or radicals
in photochemical processes leads to extremely complex secondary
reactions.
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The basic difficulty in studying the formation of radicals
in solids was pointed out by Franck and Rabinowitch,18 who
discussed the cage effect. This effect, often described as
the Rabinowitch cage effect, is associated with the framing
of a free radical by its surrounding molecules in such a
way that free-radical recombination prevails. Such an effect
may account for the fact that the gamma irradiation of higher
hydrocarbons at 77°K results in the cleavage of C-H rather
than the weaker C-C bonds.l19,20 That is, the cage effect
may permit the diffusion of hydrogen and simultaneous trapping
of ihe larger carbon radicals, which subsequently recombine.

The predominant reaction in the photoinduced 4decomposition
of polymers in the presence of oxygen is oxidative, unless
the polymer unzips to yield monomer. The quantum yields in
the absence of oxygen are much lower than in its presence,
due to the cage effect. When C-C bonds are part of the
polymer backbone, they cannot diffuse away rapidly enough
amd, as a general rule, recombination and cross-linking occur.
By contrast, when a C-H bond is broken, the hydrogen atom
formed is highly mobile and the statistical probability of
recombination is reduced. Thus, the eventual reaction is the
production of a molecule of hydrogen and the formation of a
new cross-link,representing the combination of two volatile
(hydrogen) fragments and two residual, nonvolatile fragments,
respectively. This does not preclude the existence of various
chain transfer steps as intermediate reactions, but these do
rnot contribute to the net reaction.

RG-CR 4 hv ——> RC® + °CR ~ RC-CR =+ A (1)
R(:ZH + hv RC™ 4+ 'H | (2)
RE" 4+ HC-CR —- RGH =+ "C-CR =+ C=GR (3)
‘ul o+ wl—— | (4)

2

Thus, the creation of stable molecular species is
encouraged by: (a) back reaction, (b) cross reaction, and

18Franck, J. and Rabinowitch, E., Transactions of the Faraday

Society, Vol. 30, p. 120, 1934,
19Norman, I. and Porter, G., Nature, London, Vol. 174, p. 508,
1954.
2OSmaller, B. and Matheson, M. 5., The Journal of Chemistry
and Fhysics, Vol. 23, p. 1169, 1958.
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(c) molecular rearrangement. Should the higher-molecular-
weight radical (R¢™ or "C-CR in Equations 2 and 3 be sufficiently
immobilized, or trapped, the possibility of providing a perma-
nent color center in the absence of oxyvgen or_a similar
reactive substance is apparent. Lawton et al claim that
radical trapping in polymer systems occurs under three con-

" ditions: (a) within the crystallites of the polymer, (b) in
the amorphous phase below the glass transition temperature,
and (c) in heavily cross-linked polymers, because they may

be attached to a network structure in a position in which
+ :‘I‘

P e

- T -1
n ] is accessible.

0

In the presence of oxygen, the possibility of chain
scission is much greater, due to the irreversibility of the
reaction with oxygen. Moreover, this is a chain reaction
and can therefore be expected to have a higher quantum vield.

| {

R(:Z-(:IR + hv RC™ + TCR (5)
RC:I' + 0, R(:ZOO' (6)
R(:ZOO' + HC:IR' —_ vRC:JOOH + R'<:3' ‘ (7)
R'%‘ + 0, —> R'¢OO' , etc. (8)

Miller22 has shown by electron spin resonance that
irradiated polyvinyl chloride which has been exposed to air
loses radicals at a far greater _rate than samples treated
similarly in a vacuum. Chapiro 3 reports a lack of coloration
of the material when it is exposed to air and attributes it t84
the formation of the peroxy radical. St. Pierre and Dewhurst ,
found it possible to totally inhibit the formation of C-C
cross—-links by the introduction pf sufficient oxygen. These
same authors, in another paper,za describe the oxygen termination

21Lawton, - J., Balwit, J. 5., and Powell, R. S., Journal of

&

Folymer Science, Vol. 32, pp. 257 and 277, 1958.
zzliller, A. A., Journal of Fhysical Chemistry, Vol. 62,
p. 1755, 1959.
23Chapiro, A., The Journal of Chemistry and Physics, Vol. 53,
p. 895, 1956.
243t. Fierre, L. E. and Dewhurst, H. A., The Journal of
Chemical Fhysics, Vol. 2%. p. 241, 1953,

, .
‘SSt. Pierre, L. E. and Dewhurst, H. A., Joucn  Jf Fhysical
Chemistry, Vol. 64, p. 1060, 1960.
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of free radicals 1in irradiated siloxane. They found a
carboxylic acid and two types of peroxides were formed during
radiolysis of hexamethyldisiloxane:

CH. CH
13 773
CHy- $1-0-53~COOH
CH, CH.
) 3
F’V
FHy CHy "y GHy CHy
CH3~?1-O—|Si~CH2-O—O- 51-CH, CH3—?1—O—?1—O—O—CH3
CH3 CH3 Luz CH3 CH3

The foregoing analysis provides a general picture of the
various possible photochemical reactions and their complexity,
against which the results of this program can be evaluated.
Upon irradiation with ultraviolet in vacuum, the methyl
silicones proved to be among the most resistant materials
known. This is not surprising, since short alkyl groups
(e.g., methyl) are inherently more transparent to extrater-
restrial ultraviolet than both longer-chain alkyl and phenyl
groups. Finally. the ~S1-0-51-0~" backbone possesses a
quartzlike structure which 1s both relatively transparent
to ultraviolet and at the same time is thermally resistant.
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X. DISCUSSION OF RELATED INVESTIGATIONS

A. Photolysis of Zinc Oxide

A better understanding of the photolysis mechanism in
zinc oxide could lead to much improved stability of zinc
oxide, titanium dioxide, =zirconium dinxide anl other
high-index pigments. The first step is to be able to
quantitatively measure the degree of chemical photolysis.
The optical effect of reduced metal “dissolved" in a lattice
as defects is distinctly different from the optical effect
of segregated metal particles. Oxides that dissolve excess
metal and those that do not may have the same degree of
photolysis, as measured by chemical analysis, but a large
difference in optical properties. Variations in the
impurity content of the same oxide can also be expected.

In addition to defining the difference between dissolved
and segregated metal, we also are interested in reducing the
efficiency of the photolysis itself. If the photon energy
can be converted more effectively to thermal vibrations,
less chemical and optical degradation will result. The basic
idea is to make a poor photoconductor by introducing recom-
bination centers for excess electrons and holes. '

Tv2» methods for measuring degree of photolysis were
explored. One depends on the reducing action of zinc and
other metals on nitrites. The other involves the reaction
of the metal with an acid to produce traces of hydrogen,
measured in a precision volumetric vacuum system.

1., Method 1

The nitrite reduction method was tested and looks
promising for compounds containing excess zinc in the range
of parts per thousand. The metals above hydrogen in the
electromotive series reduce the nitrite ion when dissolved in
dilute acid. Under optimum conditions, which have been
established for small quantitites of free metal, the reduction
is quantitative. If the amount of nitrite ion is stoichio-
metrically in excess of the metal, it is possible to determine
the metal by an indirect spectrophotometric method.

Much work has been done at IITRI on nitrites in azides.
The n-(l-naphthyl)-ethylenediamine dihydrochloride and

sulfanilic acid reagent is a sensitive colorimetric reagent
for nitrogen dioxide or nitrite ions in azides in parts per
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m11110n026“2/ The reagent-nitrite 1on complex 1s a stable
red-violet color The intensity of this color 1s measured

at 550 mp The fact that traces of nitrite 1on can be
separated from the azide by using this reagent makes possible
some 1nteresting technigues. since nitrite salts and acid

in solution i1mmediately react wit* azides This reaction

1s the basis for a quantitative determination of azides,28-30

Trace quantities of free metal 1n a metal oxide are
difficult tc letectand are below the sensitivity range of
x-ray techniques. When an acid such as hydrochloric acid
reacts with a metal according to the displacement reaction.
hydrogen is released while the acid reaction with the metal
oxide yields water: :

M + 2HCI -—-» MC1 + H

2 2

+ H.O

MO + 2CHLI --—>» MCi 2

2

Hydrogen 1in the nascent state 1s a strong reducing agent and
reduces nitrogen and nitrogen compounds to ammonia.

The color intensity of the n-(il-naphthyl) -ethylenediamine
dihydrochloride and sulfanilic acid reagent 1n the presence of
the nitrite 1on 1s proporticnal to the concentration of
hitrite 1on present The basis for the analytical procedure
is that the amount of metal dissolved in excess acid is
directly prcocportionai to the hydrogen released, and the
decrease in absorbancy of the reagent-nitrite ion complex
is proportional to the hydrogen formed. Therefore it is
proportional to the amount of metal dissolved.

Preliminary experiments using known quantities of finely
divided zinc metai and zinc oxide indicated the soundnesa of
the analytical procedure. Figure 59 shows the decreasing

s i . A R oot St oo, . . W% W o a0 s o - - - -

zssaltzman. E. . Pnalytical Chemistry Voi. 26 p. 1949, 1954,
27Combs. H. F and Grove E, L,, Talanta. Vol. 9, p. 453, 1962.
28

Reith, J. F. Dissertation Utrecht 1929.
29Kolthoff. I M and Belcher, R. "Voiumetric Analysis,"”
Interscience Publ.shers, Inc,. New York Vol. II11. p. 661,
1957
30Re1th; J. F and Bowman. J. H. A., Pharmaceutisch Weekblad,
Vol. 67. p. 87. 1930
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absorbancy

20

2hsorbance with the increase in zinc., The unirradiated 3P 500
zinc oxide possessed 2596 ppm of Zn° (i.atthey 3Spec pure zinc
ox1de contained no excess zinc). After 43 hours of irradiation
irn vacuum (AH-6 lamps at 5.cm distance from specimen), the

zinc oxide contained 3795 ppm Zn®, or an increase of 1199 ppm
excess zinc due to ultraviolet irradiation in vacuum. Some
additional work is needed to perfect the techniques and to
secure purer reagents.

Figure 59

CALIBRATION CURVE FOR SPEZCTROPHOTOMETRIC DETERMINATION
OF 2n° IN ZINC OXIDE

These principles and the proposed procedures should
also be usable with 3n-3n0, and other systems that undergo
the displacement reaction with hydrochloric or sulfuric
acid. Presently one of the major difficulties is obtaining
reagents of the desired purity.
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Experimental. A series of standards of pure metallic zinc (200 mesh)
ranging from J.5 to 9.0 m3 plus 500.0 3 2.3 mg of Matthey 3pec pure zinc oxide
were placel in 100-mml Nessler tnbes. &xactly 20.0 ml of standar41 NO35 solution
(0.005 m3 N/ml) was added to each. Four ml of 1:1 HCl was then added. Boiled
and cooled distilled water was added to each tube to the 100-ml mark. The
tubes were then rlosed with corks coverel with Saran Wrap and ware inverted
several times to mix the contents thoroughly. Checks were set -+ on 500 mg of
the 2ZnO and the HC1 alone without any metallic zinc to observe the effect on
the standard NOE solution; 00,0 + 1.0 my of the radiated and nonradiated Zn0O
were treated the same as the standards. The tubes were allowed to stand for
48 hr. Ten-ml aliquots were then withdrawn and transferred to 100-ml volumetric
flasks. Finally. the NO3 nitrogen remaining in the standards, the checks, and
the unknown samples was determined spectrophotometrically by the n-(l-naphhyl)-
ethylenediamine 4ihydrochloride and sulfanilic acid procedure. The results
are tabulated in Table 136.

Table 36

DETERMINATION OF EXCESS ZINC IN ZINC OXIDE

. 1:1 HC1, MOZ2 3td., Absorpancy

Zn0 Zn ml ml at 500 mp
500.3 4 20 0.195
501.1 1.5 4 20 .165
502.3 2.2 4 20 .150
501.9 3.6 4 20 .120
502.9 4.9 4 20 .095
501.5 7.1 4 20 .065
501.0 9.0 4 20 .013

Control 2 20 .195
500 .8 Mot irradiated 4 20 .167
500.4 Irradiated 4 20 0.155

2 __Lethod 2

The procedure used was developed by Allsopp\3l The sample
is dissolved 1in hydrochloric acid in a vacuum. By this means
solid zinc oxide 1s completely broken down. giving the excess
metal the opportunity to react with the acid and to form an
equivalent amount of hydrogen The acid 1s evaporated to
ensure that all the evolved gas is released Hydrochloric
acid vapors are condensed in liquid nitrogen traps, and 4ry
hydrogen chloride 1s absorbed by soda asbestos The pressure
of the evolved gas 1s measured by a Pirani gauge. Any oxygen
present 1s allowed to react with the hydrogen on a platinum
filament at 600°C. and the pressure drop is measured. The
remaining hydrogen 1s diffused into the atmosphere through
a palladium tube at 350°C., and the pressure drop 18 again
measured. The tctal hydrogen present 18 found from the

two pressure changes, and the 2zinc equivalent is then
calculated.

o . o e o A . A . . o S " 4ot S . [ —r oo > i3 T S0 PO S S S O oT——" "
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Alisopp Analyst., Vol. 32. p. 474. 1957.
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Figure 60 is a diagram of the apparatus, and Figure 61
is a photograph of the system we constructed. The apparatus
consists of two parts, a reaction system and an analytical
system. The reaction system consists of four bulbs, which
can be cooled with liquid nitrogen. Bulb 1 is provided with
a side arm which houses the sample and a sealed glass tube,
filled with iron powder, which acts as a pusher. Bulb 2
is provided with a side arm through which 50% v/v hydrochloric
acid can be added. Both side arms are sealed with a torch
after the sample pusher and the acid are in the system. The
reaction vessels are connected to the main apparatus by a
cone-and-socket joint, then to a mercury-vapor cold trap (1)
and tap (T;), and then to a three-stage mercury diffusion
pump (P;).  This pump transfers the evolved gases from the
reaction vessels to an analytical system containing a palladium
tube, a platinum filament, a Pirani gauge, a soda-asbestos
bulb, a McLeod gauge, and a cold trap (2). The palladium
tube, soda-asbestos bulb, McLeod gauge, and cold trap can be
isolated from the analytical system by taps. A second mercury
diffusion pump (P,) is used to evacuate the whole system
and is backed by a rotary oil pump. When necessary, the
reaction vessels can be directly evacuated by this backing
pump via a tap (Tu).

B. Physical Sensitivity of Zinc Oxide

Yellowing of zinc oxide coatings was produced by various
treatments: scratching of the surface, grinding with an
agate mortar and pestle, and compacting at high pressures.
This discoloration was not apparent on the bottom surface of
the coating adjacent to the substrate when the coating was
removed in one piece.

Fellets of 3P 500 and E-P 730 zinc oxide were compacted
at pressures of 10,000 and 50,000 psi. The yellowing phenomenon
is evident from the total reflectance measurements listed in
Table 37. A Photovolt photoelectric reflection meter utilizing
a green filter was used for the reflectance determinations.
The samples were heated for 16 hours each in various atmospheres:
argon with titanium sponge-in the system, argon, and oxygen.
When heated in the argon-titanium sponge system, a startling
color change to a blue-gray occurred in SP 500 and a slight
graying occurred in EBE-P 730,
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- Figure 61

REACTION AND ANALYTICAL SYSTEM FOR DETERMINATION |
OF INTERSTITIAL Zn+ AND EXCESS Zn° IN ZINC OXIDE
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Table 37

REFLECTANCE OF ZINC OXIDE PELLETS
FIRED AT 500°C IN VARTIOU3 ATMOSPHERES

Reflectance of Sp 500, % Reflectance of E-P 730, %

_____ Atmosphere 10,000 psi 50,000 ps=i 10,000 psi 50,000 psi
As pressed 99.5 95.5 81.5 76.5
Argon-titanium sponge * 19.0 * 74.0
Argon 68.6 59.0 78.0 68.5
Oxygen 9R.5 Q8.5 86.0 81.5

*

These samples were not measured: they were similar in color to their
50,000-psi counterparts.

axamination of the titanium sponge. which was incorporated
in the system to remove traces of oxygen in the argon. revealed
considerable oxidation Heating of the discolored ZnO pellets
in air at 500°C for 1 hour restored them to their oraiginal
color. Evidently the use of the sponge as an oxygen getter
with argon yielded an atmosphere conducive to reduction of
zinc oxide. Removal of titanium from the system did not
completely eliminate thuis reduction, as seen 1n the value
for the argon run in Table 37. Again, 5P 500 was more sen-
sitive to oxygen removal than E-P 730. An oxidizing atmosphere
partially bleached the SP 500 pigment and to a more marked
degree bleached the 730 pigment. Thys., the yellow color
appears to be due to interstitial zinc or oxygen ion deficiency.

C. _Binder-Rich Layers (Gloss)

A protective effect of lncreasing PVC on ultraviolet
stability was demonstrated. Yellowing of zinc oxide pigments
was shown to be inversely dependent on PVC. Since ultraviolet
damage occurs only in the outermost layers (approximately 5 )
of these paints and since some pigment probably settles before
the vehicie "sets." an unprotected, pigment-deficient (glossy)
layer might contribute to the observed degradation.

Accordingly. an experiment was designed to determine
the extent of the contribution to degradation of a pigment-
poor laver, .f present. For the purposes of defining the
pProblem, a moderately degradable paint was chosen rather
than one of the more stable coatings. Four l- x 3-inch
aluminum panels were abraded and coated with paint S-1, a
zinc sulfide methyl-phenyl silicone with a PVC of 40%. The
coatings were applied at thicknesses in excess of 3 mils, allowed
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to air-4Ary for 24 hours. and then baked at 300°F for 16 hours
and at 400°F for 2 hours. Two of the coatings were gently
scraped with a rzzor blade in order to remove the top layers;
approximately 0.5 mil was removed.

The results after exposure to a simulated space environ-
ment are presented in Table 38. The data indicate that a
pigment-deficient glossy laver was originally present and
that 1t contributed significantly to the degradation of the
untreated samples. The higher reflectance of the scraped
samples than that of the untreated samples before exposure
to space simulation 1s further indication of the existence of
a binder-rich layer. While the existence of a binder-rich
layer 1is not as serious 1n the more stable zinc oxide-pigmented
methyl silicones (e.g., LTV-602), it will be significant when
such paints are exposed to 4000 or more ESH,.

Table 38

EFFECT OF REMOVAL OF GLOSSY LAYER
ON REFLECTANCE OF PAINT S-1

Exposure. Reflectance, % .
Glossy Layer ESH 400 mp 440 mp 500 my 600 myp 70C mp
Present 0 72.0 83.9 88.0 87.6 59.0
315 35,5 50.8 68.6 8l.5 59.2
Present 0 72.0 82.5 35.0 83.5 58.8
315 39.0 53.2 68.5 78.2 58.0
g
Scraped off o 75.0 86.4 89.3 88.7 60.0
315 51.2 66 .2 78.6 85.4 60.0
Scraped off 0 73.0 84.1 86.3 : B4.7 59.5
315 44 .5 59.0 73.0 30.5 58.5

; D. _Composite_Coatings

Comosite inorgamlc-organic coatings were of interest for
combining the advantageous properties of the respective layers,
1.e.. the space stability of a ceramic paint and the physical
properties of a polymeric coating. The organic layer also
provides a protective film on aluminum for aluminum phosphate
paints.
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Wetting of various organic coatings with silicate formu-
lations was aided by lightly preblasting with fine silicon
carbide. An alternative method of application for phosphate
paints was to smear the organic with a thin coating of the
inorganic, followed by drying. This procedure produced a
wettable, adherent film.

Other methods were attempted to obtain improved wetting.

Incorporation in ceramic paints of water-soluble organic
surface tension depressants volatile below 200°F was unsuccess-—
ful; morpholine, acetic acid, N-propylamine, and alcohols all
gelled the silicate solution. A monomolecular layer of a
wetting agent, Ultrawet, on the primer permitted excellent
wetting but acted as a parting agent on heat-curing. Some
polymers were prepared with asbestos fibers to make them
more receptive to the ceramic formulations. Wettability

was only slightly improved, however. A definite deficiency
of this technique was the difficulty encountered in achieving
a desirable paint texture.

A common difficulty encountered with combination coatings
was the tendency for the ceramic to craze on curing, a fault
less pronounced in phosphate compositions than in silicate.
Crazing was probably due to non-uniform shrinkage resulting
from incomplete wetting.

Composite coatings with an organic as a protective
strippable topcoat was an attractive possibility. The polymer
investigated was an SP 500-pigmented LTV-602 silicone elastomer
which would leave a relatively stable residue, if any, when
removed. The porous nature of the inorganic silicate coating,
however, permitted wedding of the two layers, and the coating
was no longer strippable. Permeation was reduced slightly by
brushing or trowelling the elastomer rather than by spraying.

£, Anomalons Degradation

An experiment was designed to determine the nature of
the anomalous failure of the otherwise stable LTV-602-based
paints when applied over a rutile-pigmented topcoat. This
anomaly is described pictorially in Figure 62.

The dual-coat system was prepared in an attempt to
utilize the reflective characteristics of high-refractive-
index rutile titanium dioxide pigment and subsequently to
protect it with a layer of stable zinc oxide-pigmented methyl
silicone resin. The rutile paint, S-14, is based on 806A
phenyl-methyl silicone resin and was formulated at a PVC of 30%.
The LTV-602 paint, S-13, is pigmented with zinc oxide, also at
a PVC of 30%.
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ANOMALOUS FAILURE OF DUAL-COAT REFLECTIVE PAINT SYSTEM

All tests resulted in severe discoloration of only the
top outermost layer of 3-13. The elastomeric S-13 was peeled
from the hard, glossy S-14 primer. Examination showed that
neither the underside of S-13 nor the surface of 3-14 were
affected in any way by the irradiation. his result prompted
the following experiment.

Three specimens were prepared as follows. Two panels were
each painted with about 3 mils of a rutile paint designated
5-17 (45% PVC). One panel was painted with S-13. Ope of
the two rutile paints was then given a 3-mil topcoat of S-13.
The rutile substrate had been baked for 1 hour at S00°F.

Figure 63 shows the anomalous degradation which occurred
when the "stable elastomeric' coating was used over the unstable
rutile paint. Subsequent tests showed that a stable resin-based
zinc oxide paint (S-20) also degraded more severely when used
as a topcoat over 5-14, the rutile paint pigmented at 30% PVC.
This phenomenon cannot be explained in terms of our experience
with these materialsy
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F. Attenuated Total Reflectance

This new and potentially very useful technique is based
on the variation of the refractive index in the region of an
absorption band. It is well known that total internal
reflectance occurs when a beam of light crosses an intertace
at an angle greater than the critical angle. This angle is
determined by the ratio of the refractive indices of the phases -
which form the interface, and total internal reflection can
only occur when radiation passes from a medium of high
refractive index to one of lower refractive index. Therefore
the critical angle varies with the refractive index of the
second phase, 1f the refractive index of the first phase
remains constant. Since the refractive index of a substance
1s anomalous 1in the region of an absorption band, it is to
be expected that the reflectance of light near the critical
angle will be a function of the absorption spectrum of the
second phase.

3ince attenuated total reflectance 1s an interfacial
phenomenon, 1t 1s sensitive-only to the surface composition
of the second phase. This is a particular advantage in the
study of photolysis of solid materials, since the reaction
has been shown to be confined to the surface of the material.
Even 1f the coatings of interest to this project were trans-
parent to infrared radiation (which they cannot be because of the
requirements of high emittance), a conventional transmission
study of the changes produced by the photolysis would be
relatively insensitive to changes produced on the surface,
since conventional transmission techniques characterize the
bulk of the material.

In principle, then. this technique seems uniquely
suitable for this investigation. In practice, however, there
are practical difficulties, the greatest of which is obtaining
true optical contact between the high refractive index prism
(Figure 64) and the specimen. Various devices have been
suggested such as a film of Nujol or some other transparent
liquid. but thus far none have given the necessary degree of
reproducibility

In order to detect small differences in samples before
and after photoiysis.the possibility of artifacts must be
c.. fully excluled Many coatings of interest to this project
are highly pigmented and therefore do not have optically smooth
surfaces. Some are even sufficiently porous that excessive
amounts of Nujol are required to exclude air from the interface,
and the spectrum thereby loses definition. At present, the
best procedure involves the use of a silver chloride prism,
which 1s clamped against the specimen for 8 hours before the
spectrum 1s obtained. Since silver chloride is relatively soft,
it deforms under continued pressure, and eventually a reproducible
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spectrum is obtained. These spectra, however, have not been
of sufficient quality to show, for example, changes in
functional group concentration produced by photolysis.

/
C 2~ B \\\\\‘B
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Figure 64

ATTENUATED TOTAL REFLECTANCE

The source of difficulty is clearly in the nature of
the specimens. When a polymer solution is applied directly
to the prism and an adhering film is formed by evaporation,
excellent characteristic spectra are obtained. Figure 65
shows such a film and the effect of varying the angle of
incidence, The spectrum is scarcely sensitive to the angle
of incidence once the critical angle is exceeded, but below
this angle the spectrum is predictably poor.
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XI. CONCLUSIONS

1. Of the pigments studied, zinc oxide, zinc sulfide,
and calcined china clay were the most satisfactory, in that
order.

2. Of the vehicles studied, alkali silicates and methyl
silicones were the most satisfactory.

3. The desired properties for a spacecraft-thermal-control
coating were obtained through the use of a high-purity zinc
oxide, SP 500, in conjunction with either a methyl silicone
polymer synthesized in our laboratories or a commercial
potassium silicate, PS7.

4. The solar absorptance of both systems changed less
than 0.02 after exposure to over 4000 equivalent sun-hours
of ultraviolet irradiation in vacuum.

11T RESEARCH INSTITUTE

169 IITRI-C207-25

(5

i~

\x



APPENDIX I - COATING AND RESIN NUMBEKS
INORGANIC COATINGS

No

This Report Previous Reports

Used in

No. Used

in

Cl

c2

C3

C4

C5

Co

Cc7

c8

C9o

Cl0
Cl1
clz2
C13
Cl4
Cl5
Clé6
Cl17
cis
C19
C20
c21
c22
c23
C24
c25
c26
c27
czs
c29
C30
C31
C32
C33
C34
C35
C36
c37
Cc38
C39
C40
C41
C42
C43
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t 11O Wil W

t
NN HFRHEFEOIDDOAEWO

N
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|
1

NN WWNODNDNODNDN
!
I
NN O O &

3-2-3c¢
2-20-4a
2-10-0
2-23-3
2-25-2c¢c
3-4-5a
2-10-3
2-17-3
2-17-3
2-17-8
2-18-2
2-18-4
2-19-0
2-19-1
2-20-0
2-9-4
2-10-5
2-10-6
2-18-3
2-18-5
2-20-2
2-25-3
2-25-4
2-24-0
2-24-6
2-24-7
2-24-0a
1-5-4

HC
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No. Used in

No. Used in

This Report Previous Reggggg

C44
C45
C46
C47
C48
C49
C50
C51
C52
C53
C54
C55
C56
C57

INSTITUTE

1-9-2
1-16-6
1-19-2
AM

HS

NH
1-23-0
1-25-0
2-11-3
2-11-4
2-12-4
3-21-6
1-9-4
2-13-3
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INORGANIC COATINGS

No., Used in No. Used in No. Used in No, Used in
This Report Previous Reports This Report Previous Reports
Z1 1-9-5 249 3-19-6f£
22 2-13-0b Z50 4-16-2cC
Z3 2-12-3b Z51 3-24-6b

24 2-10-7 52 441-2b
Z5 2-13-0a Z53 441-2a
Z6 2-13-01 Z54 5-14-6
27 2-9-0 255 3-24-4a
Z8 2-12-3a Z56 4-11-4a
Z9 2-10-7a 4257 3-24-5b
z10 2-16-3x 258 3-21-5¢B
211 2-17-2a Z59 3-19-6a2
212 2-17-2c¢ Z60 W1

213 2-18-0 Z61 WD

214 2-18-1 462 4-15-2e
Z15 2-19-6 263 4-18-24
216 2-17-6 264 4-16-0e
Z17 35 LO 265 4-16-0a
218 2-17-7 266 441-1laA
Z19 2-22~7 467 5-4-4J
220 2-24-1 268 5-9-04
Z21 2-23-0 469 4-15-7£
222 PS 7 270 4-15-7e
223 3-24-7a Z71 4-23-0a
Z24 SP 30 Zz72 4-23-0b
225 AZO 33 _ 273 4-20-31a
226 XX 30 274 4-20-31b
227 3-10-3a3 275 4-23-71a
Z28 3-14-4c 276 4-23-71b
229 3-14-0f 477 4-15.-2W.
430 3-12-1Db 278 4-16-0gl
231 3-13-6¢C 279 4-14-3el
232 3-12-46 Z80 4-14-3e2
Z33 3-14-2b Z81 4-14-3e3
Z34 3-13-5c 282 5-13-06
Z35 3-10-6a Z83 5-16-7
236 3-12-2a 284 5-6-9
Z37 3-14-1c 485 5-13-47
238 3-14-3b 486 5-11-31
239 3-15-02 487 5-19-2
Z40 3-15-1a 288 5-19-13
Z41 3-15-24 289 5-19-15
242" 3-15-3c _ 490 5-19-18
243 3-19-6 491 5-19-19
Z44 3-13-5c¢ 492 5-19-20
245 3-10-1b4 Z93 5-19-5
Z46 3-14~2¢ 454 5-24-1
247 3-14-0g 2495 5-19-4
248 441 -1b 296 5-19-1
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Nol sod in do . Used in No. Used in Jo. Used in
This ke ort Previous keports This keport Previous keports
P-1 413-2 S-26 TC-46-6
P-2 199 S-27 TC-46-~8
P-3 193 S-28 P-46-9
P-4 198 5-29 TC-46-13
P-5 30 S-30 TC-46-14
P-6 34 S-31 TC-46-16
P-7 169 S-32 TC-46-19
P-8 121 S-33 TC-46-20
P-9 176
P-10 190
P-11 118
p-12 160
P-13 185
P-14 195
P-15 157
P-16 164
P-17 154
P-18 403-1
P-19 416-1
P-20 407-2
pP-21 409-2B
P-22 410-1a
S-1 TC-83-5
S-2 TC-83-7
S-3 TC-83-8
S-4 TC-83-11
S-5 TC-83-12
S-6 TC-83-13
S-7 TC-83-16
S-8 TC-83-18
S-9 TC-83-169
'S-10 TC-83-21
sS-11 TC-50-8
S-12 TC-50-10
S-13 TC-50-11
S-14 P-50-15
S-15 TC-50-16
S-16 TC-50-17
S-17 TC-50-19
S-18 TC-50-22
S-19 TC-50-23
S-20 TC-50-24
S-21 TC-50-25
S-22 TC-46-2
S-23 TC-46-4 (TBT)
S-24 TC-46-4 (2775)
S-25 TC-46-5
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EXPERIMENTAL RESINS

No. Used in
This Report

R-1
R-2
R-3
R-4 .
R-5
R-6
R-7
R-5A
R-5B
R-8
R-9

No. Used in
Previous keports

S-83-10
S-83-14
S-83-17
S-83-20
S-50-3
S5-50-4
S-50-12
5-50-3al
S-50-3a2
VS-38-2a
S-38-3
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APPENDIX II - SPECIFICATIONS OF THE THREE BEST COATINGS

The following specifications are presented for the three
best spacecraft-thermal-control coatings developed. These
coatings are 293, a zinc oxide-pigmented potassium silicate
paint; S-13, a zinc oxide-pigmented methyl silicone elastomeric
coating; and 5-33, a zinc oxide-pigmented experimental methyl
silicone resin paint, §-13 and S-33 were designated TC-50-11
and TC-46-20, respectively, in previous reports on this
program.
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PAINT Z93

Materials. SP 500 ZnO was obtained from New Jersey
Zinc Co. The vehicle, PS7 potassium silicate, was obtained
from Sylvania Electric Products Corp. The plgment is
calcined at 700°C for 16 hr (heating and cooling rates are
not critical).

QA in a ninmnnf [ o)

m —--—- —ee —gesieras . CO-

re
binder weight ratio (PBR) of 4. 30 and a solids content of
56.9%. A typical batch is 100 g ZnO, 50 cc PS7 (35% soln.),
and 50 cc distilled water. Ball—milling of the ingredients
is conducted with porcelain balls in a dense alumina mill.
The volume ratio of balls to materials is 1:3, and the total
charge is <50%. A milling time of 6 hr at 70% critical
speed (rpm = 54.2//mill radius (ft) ) ylelds a satisfactory
consistency for spraying and is recommended.

Formulation. The materiale

muia Wil ——

The paint 1s prepared just before it is to be used.
Shelf life for this composition is limited. Actual shelf
time should not exceed 24 hr, and the mixture should be
shaken occasionally to resuspend the pigment.

Application. The formulation is applied by spray-
painting. The gas pressure should be clean; prepurified
nitrogen is a good source. Aluminum or plastic subatrates
should be abraded, e.g., with #60 Aloxite metal cloth, and
thoroughly waghed with deteryent and water.

The application technique consists of spraying at a
distance of 6 to 12 in., until a reflection due to the liquid
is apparent. This is followed by air-drying until the gloas
ie practically gone, at which time the spraying-drying cycle
is repeated. A thickneas of about 1 mil is achieved per
cycle. Coating dimensions can therefore be predictably
applied. However, hand-spraying is inherently an art and
not a science, ané experience must be gained by the indi-
vidual painter to determine the most satisfactory technique
for him.

Reapplication. The porous nature of a cured coating
necessitates heavy apraying upon application of a second
coat, which yields the characteristic gloss of a satia-
factorx finished texture. If the area to be repainted has
been contaminated, it should be scrupulously cleaned with
detergent and water. If desired, the paint can be removed
simply by abrasion, since it 1s somewhat soft.

Curing. 8atisfactory physical properties are obtained
by an air-drying cure. Improved hardness ie obtained by
heat-curing at 140¢°C Strict adherence to cleanliness
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should be observed during this step as in all the other
steps. The presence of impurities can greatly decrease
the stability of paints to the space environment.

Physical Properties. The coating is porous and rela-
tively soft. It exhibits good resistance to thermal-shock
treatment consisting of immersion in liquid nitrogen
followed by heating to 200°F. The departure of Z93 from
the usual brittle nature of ceramics enables it to with-
stand stresses well. Soiling tendencies, however, are
high., Cleaning can be accomplished with detergent and
water. Acetone and similar organic solvents must be
avoided since they leave a degradable residue.

Optical Properties Minimal solar absorptance (a)
is approached at a coating thickness of 4 mils, where the
predicted u is 0.16 + 0.01. A thickness of 5 mils yields
a minimum a of 0.15. For satisfactory physical properties,
coatings of 6 mils or less are desirable. The working
range therefore should be between 4 and 6 mils. Emittance
(€) is relatively insensitive to coating thickness, and
values >0 90 can be expected at 2 mils or greater.

Stability to UV Irradiation in Vacuum. The severest
space-simulation test to which this material was subjected
was for 4200 ESH; u increased 0.014. An identical compo-
sition which had been heated at 500°C for 2 hr before
space simulation showed a gain in u of 0.007. Thus, good
stability can be expected from Z93 if it is properly
prepared

The importance of cleanliness in all aspects of
handling cannot be overemphasized. The undesirable contri-
bution to coloration by various contaminants was clearly
demonstrated in several experiments
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PAINT S-13

Materials The ingredients are New Jersey Zinc SP 500
ZnO, 240 parts by wt  General Electric LTV-602 silicone
compound, 100 parts by wt., General Electric SRC-05 catalyst,
1 part by wt., and toluene, 183 parts by wt  The PVC is 30%,
and the solids content 1s 40% by vol.

Formulation The ZnO, the LTV-602 and cne-half the
toluene are premixed and charged to a porcelain ball mill in
a quantity sufficient to just fiil the void space when the
mill is half full of grinding stones The paint is ground
for about 16 hr at approximately 70% critical speed The
basic charge is then removed, and the remainder of the
toluene 1s added to the mill. The residue and the solvent
are ground until the contents are uniformly thin, but not
for more than 5 min The contents are then added to the
main charge and the whole mixed thoroughly NOTE: THE
SRC-05 CATALYST IS WOT ADDED UNTIL THE PAINT IS APPLIED.
Borundum-fortified porcelain mills and grainding media are
recommended Cleanliness of the ball mill 1s vital.
Excellent shelf life was observed

Application A primer i1s required and can be applied
to any surface to which the specified primer wiil adhere
Either General Electric s proprietary SS-4004 or S55-4044
primer can be used SS-4004 contains a red dye to facili-
tate control of thickness during app:ication Less than
1 mil of primer 1s required. The use of 5S.4004 rather
than SS-4044 results in a slightly bhigher ‘between 0 0l
and 0.02) solar absorptance (.) The primer should be
allowed to air-dry for 1 br before the pairt is applied

Both S-13 and the primer are appiied by spray-painting.
A gas pressure of 30 to 35 psi 1s required when a Paasche
type AUTF airbrush is used The use of a iarger gun may
require experimentation with the gas pressure as well as
with the solvent concentration The cas pressure should be
clean; prepurified nitrogen is recommended The SRC-~-05
catalyst is added immediately before appiilcation, to an
amount of paint no larger than that whicb can be applied 1in
20 to 30 man The paint air-cures in 16 hr Curing can be
slightly accelerated by heating to 150 to 200¢F.

Reapplication Soiled or damaged areas can be re-
coated. Soiled areas must be cleaned thoroughly with
detergent and water The surface must be dry before
application of additional S-13 Damaged or gouged areas
can be recoated by making a paste of S-13 in which the bulk
of the solvent is omitted. Such a material can be trowelled
or brushed over the damaged area and cures tack-free 1n a
few hours
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Physical Properties. Paint S-13 is rubbery and resilient.
Therefore, it can be gouged by a sharp tool with little effort.
Its adherence is excellent when a primer is used but is very
poor when applied directly to a metal substrate, in which case
it can be stripped from the substrate in one piece< Because
of the resiliency of the surface, dirt tends to cling to the
surface. Dirt can be easily removed by wiping with a water-
moistened CLEAN, SOFT cloth NOTE: S-13 SHOULD NEVER BE

AT AN LITMIT AN ANTMA OoNT 8 DR R
il fNals VYL LI UL\\J['\}:‘J-\— QOU‘V’EB}T (EXWPT AT A SA\'A\IFT ’T‘n

STABILITY). Paint S-13 withstands more than 10 thermal-shock

cycles consisting of immersion in liquid nitrogen followed by

rapid heating to 200°F. The paint can be torsionally stressed
to 90¢ without failure and withstands repeated bending to

180¢°

Optical Properties. Minimal « is not obtained until a
thickness of nearly 10 mils is reached. The following tabu-
lation is provided as a guide.

Thickness Solar Absorptance
(£0.25 mils) (£0 .01)

0 33
.27
.25
- 23
.22
.21
.20
.19 -

0.19

QOO WN -

b

A working range of 5 to 8 mils is recommended. For coatings
of 4 mils or thicker, the total normal emittance (200°F) is
0.90 or better.

Stability to UV Irradiation in Vacuum. The severest
test to which this material was subjected was for 4200 ESH;
u increased from 0.21 to 0.25, with Au = 0.06. Cleaning
with water or with detergent and water before irradiation
does not affect stability. Cleaning with acetone, however,
severely affects stability. Therefore cleaning with water
or with water and detergent is recommended
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PAINT S-33

Materials. This paint 1s based or an experimental
methyl silicone resin synthesized at the IIT Research Insti-
tute. The pigment is New Jersey Zinc SP 500 ZnO. Tetra-
butoxy titanium (TBT) is used as a cross-linking (curing)
agent and can be obtained from Du Pont.

The experimental resin R-9, 1s prepared as follows.
Three-tenths moles {38.7 g) of dimethyldichiorosilane {339.4%)
and 0.48 moles (72.0 g) of methyltrichlorosilane (95%) are
mixed in 300 g of anhydrous diethyl ether. The resultant
mixture 1s added dropwise with agitation, over a period of
40 min, to 1000 g of ice. The ether layer 1s separated and
waghed with a 5% soln. of sodium bicarbonate, followed by
three washings with distilled water. The ether soln. is
dried over Drierite and evaporated at reduced pressure,
leaving a viscous colorless resin. This stock resin 1is
distilled at 100 to 107 C at a pressure of 0.01 to 0.04 mm Hg
in an ASCO :50 Rota-Film molecular still. The upper-
molecular-weight fraction is collected as resin R-9. It
should possess a molecular weight of 2000 to 2200 the lower
limit being critical. The resin 1s decolorized with Darco
Activated Carbon G60 obtained from the Atlas Powder Co.

The ingredients of the paint are New Jersey Zinc SP 500
Zn0, 316 parts by wt., IITRI experimental silicone resin
R-9, 100 parts by wt.,6 tetrabutoxy titanium (TBT) 1 part
by wt. and toluene, 225 parts by wt. The PVC is 40%, and
the solids content 1s 40% by vol. :

Formylation. The ZnO the R-9 resin and 100 parts of
the specified toluene are premixed and charged to a porcelain
ball mill 1n a quantity sufficient to just fill the void
space when the mill 18 half full of grinding stones
Borundum-fortified porcelain mills and grinding media are
recommended Excellent shelf l1ife was observed The paint
ia ground for about 16 hr at approximateiy 70% critical
speed. The TBT is added just prior to appiicarion The
basic charge 1s removed and 100 parts of the toluene are
added to the mill. The residue and solven- are ground until
the contents are uniformly thin but not fcr more than 5 min.
The contents are then added to the ma:n crarge and the whole
mixed thoroughly. The TBT and the remaining 25 parte of the
toluene are mixed together and slowly added to the paint,
with agitation. Local gelation can be broken down by vigor-
ous agitation or stirring. Excellent shelf life was observed.

This formulation is semiglosry when cured. A glosay
paint can be made by cutting the amount of pigment required
to 264 parts by wt. and the toluene to 176 parts by wt The
PVC 18 35%
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Application Paint S5-33 does not require a primer  The
surface to which it is applied must be absolutely dry and .
should be lightly sandbalsted, pressure-blasted, or abraded
with, e g , #60 Aloxite metal cloth Adherence to aluminum,
magnesium. and steel substrates is excellent if these surfaces
are clean. 1Its adherence to other surfaces is unknown.

S-33 is best applied by spray-painting at a gas pressure
of 30 to 35 psi when a Paasche type AUTF airbrush is used.,
The use of a larger gun may require experimentation with gas
pressure as well as with the solvent concentration. The gas
pressure should be clean: prepurified nitrogen is recommended.
The paint should be allowed to air-dry for 1 to 2 hr, or until
the solvent has evaporated. It should then be heat-cured for
1 to 2 hr at 300¢F Postcuring for 1 hr at 500°F results in
a harder. more brittle, less glossy film which exhibits still
greater stability to UV vacuum exposure .

Physical Properties Paint S-33 is hard and brittle.
It resists soiling, particularly when pigmented at 35% rather
than 40% PVC It does not remain intact when bent 90° around
a 1/2-in mandrel, but withstandstorsional stress to 90°. It
withstands 10 cycles of thermal-shock treatment consisting of
immersion in liquid nitrogen followed by rapid heating to
200¢F. Cleaning can be accomplished by washing with a deter-
gent followed by copious quantitites of distilled water. The
effect of cleaning with organic solvents is unknown, and
therefore organic solvents are not recommended .

Optical Properties. Minimal solar absorptance (u) is,
reached at a thickness of approximately 7 mils. The follow-
ing tabulation is provided as a guide.

Thickness Solar Absorptance Total Normal Emittance
(+0.25 mils) (£0.01) _ (200°F)
1 0 29 0.80
2 25 .88
3 23 .89
5 .205 .90
6 20 ‘ .91
7 0.195 0.92

A working rance of 3 to 5 mils 1s recommended The emittances
provided above are estimates based on data which showed con-
siderable scatter

Stability to UV _Irradiation_in Vacuum. The severest test
to which paint S-33 was subjected was for 4200 ESH. A speci-
men of S-33 which was cured for 1 hr at 300¢F increased 0.02C
in ., whereas a specimen postcured for 1 hr at 500°F increased
0.011 The paint, if pigmented at only 35% PVC, is somewhat
less stable. and « may increase 0.02 upon 2000-ESH exposure.
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